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The mammalian prefrontal cortex (PFC) appears to be a neural substrate of 
attention (Crowne and Pathria, 1982; Fuster, 1980, 1984). Ascribing such a broad 
cognitive function to a single region of the brain is, of course, misleading if not 
impossible (Goldman-Rakic, 1984, 1988; Lashley, 1920; Lynch and McLaren, 1989). 
Nevertheless, the cognitive impairments that develop subsequent to damage to the 
PFC are remarkably similar in rodents, monkeys and humans. Specifically, animals 
with unilateral lesions of the PFC develop a hemispatial or contralateral neglect 
syndrome (Crowne and Pathria, 1982; Fuster, 1980; Heilman and Watson, 1977; 
Lynch and McLaren, 1989). Frontal lesioned animals can no longer voluntarily 
attend to or orient towards auditory or visual stimuli in the environment. However 
reflexive movement of the head and eyes, that is, the vestibulo-ocular reflex, remains 
intact (Heilman and Watson, 1977; Lynch and McLaren, 1989). A likely neural 
pathway mediating attentive behavior is the projection from pyramidal neurons in 
layer V of the PFC to brainstem motor nuclei governing orientation of the head and 
eyes (Bruce and Goldberg, 1984; 1985; Leichnetz et al., 1987; Neafsey et al., 1986; 
Sawaguchi et al., 1989; Sikes et al., 1988). 
The complement of synaptic inputs to PFC differs from the rest of the cortical 
mantle, as this region receives dense projections from every known monoaminergic 
system (Emson and Lindvall, 1979). The density of monoamine containing fibers 
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from the raphe and midbrain tegmentum is greater in the PFC than in any other 
region of the cortex, and yet the contribution of serotonergic and dopaminergic 
inputs to frontocortical processing is unknown. The ascending monoamine and 
cholinergic projections have been collectively described as a non-specific activating 
system. This concept was largely derived from the observation that monoaminergic 
and cholinergic projections to the cortex are diffuse in comparison to the majority of 
thalamocortical projections which are distributed in restricted cortical domains 
(Saper, 1987; Diamond, 1979; DeFelipe and Jones, 1988; Fallon and Loughlin, 1982; 
Lorente de No, 1949). Though diffuse monoamine projections exist, they appear to 
occur in tandem with projections to restricted topographical and laminar domains 
across cortices (Morrison et al., 1982; O'Hearn and Molliver, 1984; Rakic et al., 1988; 
Waterhouse et al., 1983a, 1983b ). As monoamine neurons projecting to a region 
generally do not collateralize to innervate other cortical regions, they could govern 
the activity of local regions of cortex (Beckstead, 1976; Berger et al., 1976, 1991; 
Lindvall et al., 1974; Loughlin and Fallon, 1984; O'Hearn and Molliver, 1984; Sobel 
and Corbett, 1984). In primates, chemical lesions of monoamine input to the PFC 
disrupt the cognitive processes subserved by this region of cortex without affecting 
sensory or motor cortical function (Arnsten and Goldman-Rakic, 1985, 1986; 
Brozoski et al., 1979). Monoamine lesions have been less successful in studying 
rodent cognitive processes. This may be due to species variation, but experimental 
conditions and behavioral tasks could also account for these differences (Lorens, 
1978). In rodents, characterizing the effects of exogenously applied monoamines on 
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sensory cue evoked patterns of cortical activity has been a more fruitful approach to 
investigating monoamine influences on cortical processing. 
Monoamines appear to differentially gate sensory afferent activation of cortical 
neurons. Locus ceruleus activation or exogenously applied norepinephrine (NE) 
sharpens the receptive field properties of sensory cortical and thalamic neurons 
without disrupting the basic pattern of activity evoked by sensory stimuli (Rogawski 
and Aghajanian, 1980; Waterhouse et al., 1986, 1990). In contrast, stimulation of 
raphe input or application of 5HT disrupts the excitation of cortical and thalamic 
neurons by sensory afferent activation (Eaton and Salt, 1989; Marks et al., 1987; 
Waterhouse et al., 1986, 1990; Yoshida et al., 1984). Hence, 5HT and NE can 
differentially modulate individual cortical neurons. 5HT and NE may exert these 
effects via actions on spatially remote cortical neurons because there is little overlap 
in distribution of SHT and NE fibers in sensory cortices (Morrison et al., 1982). 
Since activation of raphe and locus ceruleus neurons is linked to the presentation of 
sensory stimuli, excitation of cortical neurons must rely on the timing and balance of 
monoamine and sensory afferent input (Heym et al., 1982; Shima et al., 1986). 
Serotonergic disruption of cortical activity may be attributed to an attenuation of 
sensory afferent, thalamocortical, or corticocortical transmission. Attenuation of 
sensory afferent excitation of cortical and thalamic neurons could be due to a 
suppression of sensory afferent transmission or to a non-selective suppression of 
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neuronal excitability. A selective suppression of sensory afferent or thalamocortical 
transmission within the cortex is likely because 5HT fibers overlap with thalamic and 
sensory afferent terminal fields (Morrison et al., 1982; Rakic et al., 1988). Unlike 
the sensory cortices, PFC lacks a layer IV and the highly organized thalamic and 
sensory afferent projections associated with that layer. Nevertheless, this region does 
receive thalamocortical and corticocortical afferent input. Furthermore, serotonergic 
fibers are concentrated in layer V and the lower portion of layer II-III (III) where 
thalamic and transhemispheric cortical fibers converge on apical dendrites of layer 
V neurons (Krettec and Price, 1977; Vogt et al., 1981). As corticocortical, 
thalamocortical and sensory afferent pathways all appear to be excitatory amino acid 
releasing (EAA), 5HT may selectively modulate EAA transmission in the cortex. 
There is precedence for such a thesis, as 5HT attenuates monosynaptic EAA 
transmission between dorsal horn sensory afferents and spinal motor neurons (Wang 
and Dun, 1990). 
A broad objective of this thesis was to understand how monoamines influence 
cortical processes. The hypothesis posed was that SHT suppresses interhemispheric 
EAA transmission in rat PFC. To this end, it was necessary to establish that the 
EPSP under study was in fact an EAA EPSP. Part I of this thesis was concerned 
with the isolation and characterization of transhemispheric corticocortical EPSPs 
recorded in layer V cells of the rat PFC. Part II was concerned with characterizing 
the site and mechanism of 5HT induced suppression of corticocortical transmission. 
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BACKGROUND I: Cortical EAA synaptic potentials 
Layer V neurons of the rat PFC assimilate excitatory inputs from a variety of 
sources including the mediodorsal thalamus, the primary sensory and contralateral 
cortices and from neighboring cells in layers III and V. Cortical and thalamic fibers 
converge on dendrites of pyramidal and non-pyramidal neurons in layer V. Fibers 
from contralateral pyramidal neurons course through the dorsal corpus callosum to 
layer V where they synapse on the soma and proximal dendrites of pyramidal, aspiny 
stellate, and spiny stellate (multipolar) neurons (DeFelipe and Jones, 1988; Ferino 
et al., 1987; Gerfen, 1989; Lorente de No, 1949; Sesack et al., 1989; Vogt and 
Gorman, 1982; Vogt et al., 1981). Thalamic fibers ascend through the striatum 
(Scheibe! and Scheibe!, 1967) to the PFC where they synapse superficially on 
dendrites of pyramidal and non-pyramidal neurons in layers III and V (Krettek and 
Price, 1977; Vogt et al., 1981; Valverde, 1986). 
Both thalamocortical and corticocortical fibers apparently release one of the 
excitatory amino acids (EAAs), glutamate or aspartate (Conti et al., 1989; Mayer and 
Westbrook, 1987; Ottersen et al., 1983). Thalamic and cortical fibers are glutamate 
immunoreactive, release glutamate, and have a high affinity EAA uptake system 
(Baughman and Gilbert, 1981; Heart et al., 1990; Conti et al, 1989; Cotman et al., 
1987; Fonnum et al., 1981; Fosse and Fonnum, 1987; Hassler et al., 1982; Monaghan 
et al., 1989; Peinado and Mora, 1986). Pyramidal and multipolar neurons are 
6 
immunopositive for glutamate and the synthetic enzyme glutaminase (Ottersen and 
Storm-Mathisen, 1984; Kaneko and Mizuno, 1988). Furthermore, the postsynaptic 
targets of thalamic and cortical terminals express BAA receptors and are depolarized 
by exogenously applied BAA agonists (De Curtis et al., 1989; Eaton and Salt, 1989; 
Herling, 1985; Thomson, 1986b). 
Multiple BAA receptor subtypes exists and can be pharmacologically distinguished 
by their relative affinities for aspartate and glutamate (Collingridge and Lester, 1989; 
Mayer and Westbrook, 1987; Monaghan et al., 1989). The aspartate preferring 
receptors are activated by the amino acid analogue N-methyl-o-aspartatic acid 
(NMDA) and selectively antagonized by o-2-amino-5-phosphono-valerate (APV). 
Receptors that have a low affinity for NMDA and are not antagonized by APV are 
collectively classified as non-NMDA receptors. Non-NMDA receptors are selectively 
antagonized by quinoxaline derivatives such as 6-cyano-7-nitro-quinoxaline-2-3-dione 
(CNQX). NMDA and non-NMDA receptors are associated with distinct cation 
permeable channels. 
NMDA and non-NMDA receptor mediated changes in membrane potential are 
physiologically distinct in several respects. Most notably, NMDA induced 
depolarizations do not increase in amplitude as the membrane is hyperpolarized from 
resting potentials (Mayer and Westbrook, 1987). This property is an anomaly, as 
hyperpolarization typically increases cationic potentials presumably by increasing the 
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electrochemical gradient governing net cation flux across the membrane. As a 
consequence of the anomalous or unconventional voltage dependence, NMDA 
potentials contribute relatively little to small amplitude mixed EAA EPSPs when the 
membrane is hyperpolarized (Collingridge et al., 1986). In contrast, non-NMDA 
EPSPs are large when the membrane is hyperpolarized. Thus, mixed EAA EPSPs 
are predominantly non-NMDA potentials under resting conditions. NMDA EPSPs 
are effectively unmasked by tetatanic activation and membrane depolarizations 
(Muller and Lynch, 1990). The unconventional voltage dependence of NMDA 
synaptic potentials has been attributed to blockade of the NMDA ion channel by 
divalent cations, in particular magnesium. Consequently, when the tissue magnesium 
(Mg2+) concentration is lowered NMDA potentials display a conventional voltage 
dependence. NMDA potentials appear to be preferentially enhanced by coincident 
exposure to a variety of neurotransmitters including glycine, acetylcholine and 5HT 
(Minota et al., 1990; Markram and Segal, 1990; Nedergaard et al., 1986; Reynolds 
et al., 1988; Thomson et al., 1989). NMDA potentials are also uniquely associated 
with the activation of oscillating membrane depolarizations or bursts (Dingledine, 
1983; Thomson, 1986b). Comparable depolarizations induced by non-NMDA 
receptor activation are generally not associated with bursts. Little is known about 
these bursts, though they may be attributed to a metabotropic effect of the NMDA 
receptor activation. Furthermore, the facilitation or inhibition of NMDA potentials 
by some transmitters could be due to modulation of these currents. 
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EAA pathways in the cortex are physiologically, pharmacologically and 
anatomically heterogeneous. Of all the cortices, characterization of hippocampal 
EAA pathways is the most complete. For example, two distinct EPSPs are generated 
at intrahippocampal EAA synapses. First, the EAA EPSP generated by mossy fiber 
input to CA3 pyramidal neurons is predominantly mediated by non-NMDA receptors. 
In contrast, the EAA EPSP generated by the mixed activation of commissural and 
Schaffer collateral (CSC) inputs to CAl pyramidal neurons consists of NMDA and 
non-NMDA components. Accordingly, the CSC-CAl EPSP is preferentially 
augmented by conditions that enhance NMDA potentials including membrane 
depolarization, tetanic stimulation, low extracellular Mg2+ concentration and 
saturating extracellular concentrations of glycine (Harris and Cotman, 1986; Harris 
et al., 1984; Mayer and Westbrook, 1987; Muller and Lynch, 1990; Minota et al., 
1989). Furthermore, NMDA receptors are concentrated in the region of CSC 
termination but sparse in the region of mossy fiber termination (Cotman et al., 1987). 
Mossy fiber and CSC pathways are anatomically distinct, as only the former is 
associated with large diameter zinc containing bouton terminals which synapse en 
passant on CA3 pyramidal neurons (Hamlyn, 1962; Haug, 1967). 
Few distinctions have been made between EAA pathways in the neocortex. In 
somatosensory cortex, an EPSP generated by the simultaneous stimulation of 
thalamic and cortical fibers has both NMDA and non-NMDA components but the 
source of each component is unresolved (Thomson et al., 1989). Similarly, an 
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interlaminar corticocortical EPSP observed in the PFC has both EAA components 
(Hirsch and Crepel, 1990; Jones and Baughman, 1988). In contrast, a putative 
thalamocortical, possibly intracortical, EPSP in the same region lacks an APV 
sensitive component (Sutor and Hablitz, 1989b). Thalamocortical and sensoricortical 
EPSPs generated in the motor cortex appear to be distinct, as only the former is 
subject to long term potentiation with tetanic activation of both pathways (Iriki et al., 
1989). An anatomical dichotomy between EAA pathways also may exist, as some 
thalamocortical fibers form large bouton synapses akin to those of the mossy fiber 
projection (Hamlyn, 1962; Vogt et al., 1981). Furthermore, one of the EAA 
pathways appears to be associated with intensely staining zinc fibers and high 
densities of kainic acid receptors (Zilles et al., 1990). 
The characterization of monosynaptic neocortical EPSPs has been hindered 
somewhat because polysynaptic intracortical IPSPs often mask the NMDA 
component of the EPSP. In the visual cortex, stimulation of the optic radiation 
(sensory afferents) evokes a monosynaptic EAA EPSP which is partially masked by 
a polysynaptic IPSP (Artola and Singer, 1987). If the IPSP is blocked with 
bicuculline, a late APV sensitive component is revealed or enhanced. The 
intralaminar EPSP generated in layer V cells by stimulation of layer III also has a 
late NMDA component which can be masked by an overlapping IPSP (Hirsch and 
Crepel, 1990; Jones and Baughman, 1988). Apparently, this bicuculline sensitive 
IPSP arises from small gamma-amino-butyric acid (GABA) releasing neurons located 
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in layers III, IV and V that synapse with the somata and dendrites of pyramidal and 
non-pyramidal neurons (Meinecke and Peters, 1987; McCormick and Prince, 1986). 
Polysynaptic IPSPs are recruited with stimulation of thalamocortical, corticocortical 
and sensory afferents (Artola and Singer, 1987; Purpura et al., 1964). The IPSP can 
be experimentally attenuated by using lower stimulus intensities because it generally 
has a higher threshold than the monosynaptic EPSPs (Connors et al., 1982; Jones and 
Baughman, 1988). 
Polysynaptic intracortical EPSPs can be evoked with mixed or isolated stimulation 
of thalamocortical and corticocortical pathways. A polysynaptic EPSP evoked with 
stimulation of the thalamus has attracted much attention, as it is associated with the 
synchronous activation of deep cortical neurons (Purpura et al., 1964 ). This potential 
was originally believed to be thalamic in origin because there is a direct 
thalamocortical innervation of layers III, IV and V. However, it is probably 
generated by cortical neurons, as it persist in thalamic lesioned animals and can be 
generated by antidromically activating projection neurons in layers V and VI (Ferster 
and Lindstrom, 1986a, 1986b; Takahashi et al., 1966). Intracortical polysynaptic 
EPSPs and IPSPs most likely arise from EAA pathways since they are highly sensitive 
to EAA antagonists (Hirsch and Crepel, 1990; Thomson, 1986; Sutor and Hablitz, 
1989b, 1990). 
Conclusion In spite of the probable heterogeneity of EAA projections to 
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neocortex, few investigations of isolated cortical or thalamic EPSPs have been made. 
Neocortical EPSPs are generally elicited by stimulating the subcortical WM where 
sensory and association cortical fibers merge with interhemispheric cortical and 
thalamic fibers prior to their ascent. Interhemispheric EPSPs can be evoked in 
isolation from thalamocortical and sensoricortical EPSPs if stimuli are delivered to 
the dorsal corpus callosum (Vogt and Gorman, 1982). Interhemispheric connections 
are particularly prominent in motor and association cortices such as the PFC; 
however, the EAA receptors mediating interhemispheric transmission have not been 
characterized. 
Cortical cell types and synaptic inputs The repertoire of synaptic potentials should 
vary between cortical cell types according to differences in the complement of 
afferents innervating distinct populations of cells. For example, cortical association 
fibers primarily terminate on superficial layer III neurons in motor and sensory 
cortices. Accordingly, monosynaptic association fiber EPSPs are more frequently 
observed in superficial layer III neurons (Kosar et al., 1985). Similarly, interlaminar 
differences in 5HT receptor and fiber distribution exist (Bradshaw et al., 1983; Pazos 
et al., 1985; Pazos and Palcios, 1985; Steinbusch, 1984; Zilles et al., 1990). 
Intralaminar differences also exist, as the density of GABAergic synaptic input to 
layer V callosal projecting pyramidal neurons is greater than that of layer V-VI 
thalamic projecting pyramidal neurons (Farinas and DeFelipe, 1991). Though 
distinctions between callosal and thalamic projecting neurons have not been made, 
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layer V pyramidal cells have been associated with a more prominent IPSP than 
multipolar cells from the same region (Chagnac-Amitai et al., 1990). 
Cortical neurons are typically grouped according to their intracortical and 
extracortical projections (DeFelipe and Jones, 1988; Chagnac-Amitai et al., 1990; 
McCormick et al., 1985; Gerfen, 1989; Gilbert, 1983; Hubener et al., 1990; Lorente 
de No, 1949; Neafsey et al., 1986; Thierry et al., 1983). Pyramidal neurons in layers 
III, V and VI project through the dorsal callosum to the contralateral cortical and 
subcortical targets or through the striatum to their respective subcortical target sites 
(PFC, Vogt and Gorman, 1982; Gerfen, 1989). Pyramidal and multipolar 
interneurons in layer V project locally to neurons in layers V and VI but do not send 
collaterals to the callosal or subcortical WM. Hence, antidromic activation from the 
WM can distinguish between interneurons and projecting neurons but not between 
neurons in layers III, V and VI. However, different lamina of coronal slices can be 
visually identified with a field microscope. Layer V is relatively broad in the rat 
dorsomedial PFC and extends from about 450 to 850 µM below the pial surface 
(Krettek and Price, 1977). 
Cortical neurons can be physiologically categorized according to their pattern of 
activity observed intracellularly as burst, regular or fast spiking (McCormick et al., 
1985). The characteristically large post-spike afterhyperpolarization (AHP) of 
regular spiking neurons tends to lengthen the interval between action potentials 
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generated by prolonged depolarizations to threshold. In contrast, the AHP of fast 
spiking neurons is minimal in comparison to regular spiking neurons, and hence 
multiple action potentials are generated in rapid succession in response to prolonged 
depolarizations. Fast spiking neurons are technically difficult to impale due to the 
small diameter of their soma. The aspiny stellate morphology of fast spiking cells 
resembles that of gamma-amino-butyric acid decarboxylase or GAD positive 
inhibitory neurons found in layers II through VI in the rodent neocortex (McCormick 
et al., 1985). A burst or cluster of action potentials riding on a slow depolarizing 
envelope is characteristic of burst spiking neurons (McCormick et al., 1985; Montoro 
et al., 1988). Lucifer yellow filled regular and burst spiking neurons are pyramidal 
or multipolar in shape (Chagnac-Amitai et al., 1989; Connors et al., 1982; Tseng and 
Haberly, 1989a). Furthermore, burst spiking neurons are typically found in the deep 
layers of neo-and-palleocortex and in the CA3 region of the hippocampus. The 
expression of burst firing is a plastic property, as regular spiking cells display burst 
firing properties when exposed to bicuculline, kainic acid or high potassium (Artola 
and Singer, 1987; Westbrook and Lothman, 1983). 
As there may be differences in the repertoire of callosal evoked potentials in 
different cell types, one objective of this thesis was to physiologically characterize 
superficial layer V cells. Recordings described in Parts I and II were restricted to 
superficial layer V because these neurons receive prominent projections from the 
contralateral cortex and the dorsal raphe. Neurons were characterized as callosal 
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projecting if they were antidromically activated from the dorsal corpus callosum. 
Furthermore, neurons were physiologically characterized according to membrane 
firing properties, resting potential and input resistance. Distinctions between cell 
types are only discussed in Part I since there were no obvious differences in type of 
synaptic potentials observed between cell type. The lack of differences may have 
been due to recording from a relatively homogeneous cell population. 
The primary aim of the of experiments described Part I was to characterize one 
of the EAA inputs to layer V of the rat PFC, namely the transcallosal cortical input. 
The PSPs generated at the transcallosal layer V-layer V synapses were recorded in 
isolation from thalamocortical and sensoricortical EPSPs (Vogt and Gorman, 1982). 




Cortical slices were prepared as described previously (Read et al., 1990; Vogt and 
Gorman, 1982). Adult male Sprague-Dawley rats (175-200 g) were anesthetized with 
halothane and decapitated. The brain was removed and a frontal block of tissue 
containing both hemispheres (Figure 1) was prepared and glued to a petri dish 
containing cold ( 4-l0°C), 
oxygenated artificial cerebral 
spinal fluid (ACSF). 500 µm 
supragenual, coronal slices were 
cut with a vibratome tissue slicer 
(Figure 1, A and B). The entire 
procedure was completed within 
10 minutes to insure viability of 
the tissue. Following a 1 hour 
incubation at room temperature, 
Figure 1 Slice Preparation 
(Modified from Wise and Jones, 1977) 
the slice was transferred to a submersion recording chamber where it was secured 
between two silk nets and superfused with warm (32 .±. l°C), oxygenated ACSF of 
the following composition (in mM): NaCl, 118; KCl, 3; NaH2P04, 1.2; MgC12, 1.3; 
CaC12, 2; NaHC03, 25 and glucose, 11. ACSF flow rates were maintained between 
2 and 4 ml/min. 
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Glass microelectrodes filled with 4 M potassium acetate ( 40 to 100 Mn impedance) 
were used for intracellular recordings. Current clamp recordings were made with an 
Axoclamp-2A preamplifier and transformed from analog to digital waveforms for on-
line monitoring and stored for future analysis. Recording electrodes were placed in 
superficial layer V of the dorsal anterior cingulate and precentral motor areas 
(Figure 2, Record). Bipolar platinum stimulating electrodes were inserted into the 
dorsal third of the corpus callosum (Figure 2, CC) for orthodromic and antidromic 
activation of layer V 
neurons. Callosal evoked 
potentials were no longer 
observed when the callosal 
white matter between the 
recording and stimulating 






Higher Figure 2 Electrode Placement 
stimulus intensities were required to evoke responses when the slices were submerged 
in fluid as opposed to being maintained in a gas-fluid interface. However, the 
submersion chamber was preferred for our studies, as drug exchange was much more 
reliable. 
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BAA antagonists were bath applied in cumulative concentrations. Antagonists 
caused little or no change in resting membrane potential, input resistance and 
antidromic potentials. The effects of APV were reversible within 15 minutes of 
terminating application. In contrast, an hour or more was required to reverse the 
effects of CNQX (N =2). Hence, in most cases complete reversal was not obtained 
when cells were exposed to CNQX. 
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Results I 
Characterization of Neurons 
Neurons impaled in the upper half of layer V were characterized according to their 
firing pattern evoked by prolonged (~ 150 ms) depolarization (Figure 3; McCormick 
et al., 1985). The most common (41/68) cell type was the regular spiking neuron 
which had a pronounced biphasic post-spike afterhyperpolarization and readily 
accommodated during prolonged depolarizations. About 40% of the cells displayed 
a frank burst (14/68) or a post-spike depolarizing afterpotential (DAP; 12/68) upon 
depolarization from rest (Montoro et al., 1988; Changnac-Amitai et al., 1990). With 
greater depolarization, the envelope of the DAP was large enough to evoke two or 
three spikes. When filled with lucifer yellow DAP and burst firing cells have been 
found to correspond to large pyramidal and multipolar neurons found in layer V 
(McCormick et al, 1985; Changnac-Amitai et al., 1990). It is likely a similar 
population was sampled in the present study since large pyramidal and multipolar 
type neurons were labelled with lucifer yellow in the recording region. 
As there were no apparent differences with respect to cell type, values for the 
following membrane properties were pooled. Resting membrane and spike or burst 
threshold potentials were 76 ± 0.6 and 50 ± 0.1 m V respectively; and action 
potential overshoot and amplitude were 24 ± 1 and 74 ± 1 mV respectively (mean 
19 
± sem; N = 68). Current-voltage (1-V) relations were obtained by measuring the peak 
steady-state (~ 150 msec) voltage deflection generated by transient depolarizing or 
hyperpolarizing current steps. The current was stepped from rest (0 nA) to various 
levels between -600 and 400 pA. Over this range the 1-V relations were linear (R 
~ 0.99) for the majority of cells (Figure 13B). In less than 10 % of the cells, the 
slope of the depolarizing region of the 1-V relation was steeper than that of the 
hyperpolarized region (Thomson, 1985). This non-linearity was not peculiar to any 
one cell type. The mean input resistance determined from the slope of the 1-V 
relation generated with hyperpolarizing current steps was 55.5 ± 3 Mn (N =68). 
Only 8% (7 /68) of the cells studied were antidromically activated by callosal 
s.timulation. Antidromic spikes were identified as all or none potentials displaying 
a constant latency at various stimulus frequencies. The latency to onset for the 
antidromic potential was s 1 msec. As the recording electrode was located a 
distance of 2 mm from the stimulating electrode, the axonal conduction velocity was 
s 2 m/ sec. At resting membrane potential the antidromic spike often failed to 
invade the soma; but upon depolarization an antidromic spike was observed (Figure 
3; Thomson, 1985). 
Intensity Dependence of the Callosal Evoked Potentials 
Four distinct synaptic potentials were elicited by callosal stimulation: 1) a short 
latency, early peaking, depolarizing postsynaptic potential (e-DPSP); 2) a late 
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peaking, frequency sensitive, depolarizing postsynaptic potential (1-DPSP); 3) an early 
peaking hyperpolarizing or inhibitory postsynaptic potential (e-IPSP) and 4) a late 
peaking IPSP (1-IPSP). As illustrated in Figure 4, the e-DPSP and the 1-DPSP were 
generally the lowest threshold. The e-DPSP amplitude increased with increasing 
stimulus intensity reaching a maximum of 5 to 10 mV (Figure 3). Recruitment of the 
1-DPSP was notable due to the large amplitude (10-20 mV) and long duration of this 
potential (Figure 4; see arrows). At higher stimulus intensities the e-and-1-IPSPs 
followed the e-DPSP (Figures 3, 6 and 7). 
There was often a plateau in the e-DPSP stimulus-response relation prior to 
detection of an IPSP (Figures 5, 6 and 11; Jones and Baughman, 1988). As the 
stimulus intensity was increased above the plateau level, the amplitude of the e-DPSP 
recorded at resting membrane potential continued to rise (Figure 6). However, when 
the membrane potential was depolarized from rest, the late component ( 40 msec) of 
the e-DPSP decreased with increasing stimulus intensities until a net negative e-IPSP 
was detected (Figure 6). The amplitudes of the e-DPSP at 40 msec and the e-IPSP 
peak at 25 msec are plotted against stimulus intensity to illustrate the loss of the late 
component with recruitment of inhibition at higher stimulus intensities (Figure 6). 
Similarly, the 1-DPSP diminished with recruitment of inhibition as shown in Figure 
4 (1.2 versus 1.4 mA). Generally, a remnant of the e-DPSP remained at higher 
stimulus intensities giving rise to an EPSP-IPSP sequence (Figures 4,6 and 7). 
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Late Polysynaptic Potentials 
EPSP-IPSP Sequence If stimulus intensities were adjusted to obtain an EPSP-IPSP 
sequence, three peaks were evident: the e-DPSP; the e-IPSP and the 1-IPSP (Figure 
7 A). In these experiments, the peak amplitude of each potential was measured at 
a fixed latency over a range of holding membrane potentials. Though IPSPs were 
observed in 12 cells with higher stimulus intensities, clear biphasic IPSPs were only 
observed in 6 of these cells. When the membrane potential was held between -50 
and -65 mV, the peak latencies for the e-and-1-IPSPs were 33 ± 1 and 167 ± 6 msec 
respectively (mean ± sem; N =6). The e-IPSP was positively directed when the 
membrane potential was held between -70 and -94 m V and reversed polarity when 
the membrane potential was depolarized beyond -68 m V (N = 6). This reversal 
potential is near that of the chloride dependent e-IPSP observed throughout the 
cortex (Connors et al., 1982, 1988; Hirsch and Crepel, 1990; Jones and Baughman, 
1988; Scholfield, 1978). The 1-IPSP apparently reversed at a membrane potential 
more negative than -94 m V (N = 6). 
The amplitude of the depolarizing peak of the EPSP-IPSP sequence was larger at 
hyperpolarized potentials (Figure 7, filled squares). Therefore, the slope of the 
voltage relation characterizing the high intensity e-DPSP was conventional. However, 
the e-IPSP clearly overlapped with and shunted the late component of the e-DPSP 
(Figure 6). Thus, at higher intensities the e-DPSP shape and voltage dependence 
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was a product of the e-IPSP as well. If the e-IPSP was somatic in origin it would 
have greatly influenced the shape and voltage dependence of the e-DPSP (Rall, 
1967). Accordingly, when the e-IPSP was eliminated by adjusting the stimulus below 
threshold for the e-IPSP, the steep negative slope voltage dependence of the e-DPSP 
was no longer observed. 
Initially we had intended to block the e-IPSP with the GABAA antagonist, 
bicuculline (0.1 µM). However, in the presence of bicuculline a 1-DPSP and 
eventually a giant bursting depolarization were evoked by callosal stimulation (N = 2; 
see also, McCormick et al, 1986). We avoided using bicuculline in subsequent 
experiments because it was virtually impossible to distinguish between synaptic 
potentials under these conditions. As an alternative, the stimulus intensity was 
adjusted below threshold for the e-IPSP to study the S-and-1-DPSPs in isolation. 
Physiology and Pharmacology of the 1-DPSP 
A 1-DPSP was evoked with stimulus intensities below threshold for the IPSPs in 
about 30% of the cells. Callosal evoked 1-DPSPs were not detected in all cells 
although they were observed in all cell types. In 16% of the cells (11/68) a high 
threshold 1-DPSP was detected, whereas an isolated low threshold 1-DPSP was 
evoked in 13% of the cells (9 /68). The low threshold 1-DPSP was only observed with 
anodal stimuli, whereas the high threshold 1-DPSP was observed with either polarity. 
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Isolating the e-DPSP from the 1-DPSP was difficult in some cases because there was 
some overlap between the two. At resting membrane potential, the average peak 
latencies for the low and high threshold 1-DPSPs were 34 and 30 msec respectively 
and the average onset latency of the latter was 16.5 msec. Thus, the range of peak 
latencies for the 1-DPSP overlapped with that of the e-DPSP. 
Several measures were taken to identify and eliminate the 1-DPSP in order to 
isolate the e-DPSP. In contrast to the e-DPSP, 1-DPSPs were extremely labile. The 
onset and peak latencies fluctuated as much as 30 msec with increases in stimulus 
intensity and frequency, as is typical of polysynaptic PSPs (not shown). Furthermore, 
when the stimulus frequency was greater than 0.03 Hz the high threshold 1-DPSP 
3;mplitude varied considerably with repetitive activation (Figure 4A versus 4B, 
arrows). 1-DPSPs were also particularly sensitive to EAA antagonists. In the 
example illustrated in Figure 8the1-DPSP was the lowest threshold potential evoked 
by anodal stimuli. Conversely, a two component e-DPSP-1-DPSP sequence was 
evoked with the reverse polarity (same intensity) in the same cell. The e-DPSP 
decay was shallow and monophasic, whereas, the e-DPSP-1-DPSP sequence was 
marked by two decay phases. 1 µM CNQX abolished and 10 µM APV reduced or 
abolished the low threshold 1-DPSP. In another cell, the e-DPSP was the lowest 
threshold response with either stimulus polarity (Figure 9). A high threshold 1-DPSP 
was evoked with anodal stimuli. As in the previous example, the 1-DPSP was 
preferentially abolished by a low concentration of CNQX (1 µM). Thus, the e-DPSP 
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was isolated from the 1-DPSP by testing for frequency sensitivity, lowering the 
stimulus intensity and by bathing the tissue in 1 µM CNQX. 
Physiology and Pharmacology of the e-DPSP 
Callosal evoked e-DPSPs were observed in cells displaying regular (N =42), burst 
(N = 14) and DAP (N = 12) firing patterns. This finding was anticipated, as 
contralateral pyramidal neurons project via the callosum and terminate on both 
multipolar and pyramidal neurons in layer V (Vogt and Gorman, 1982). The range 
of latencies of the e-DPSP was the similar for all cell types, 2.8 msec ± 0.1 (mean 
± sem; N = 68). In antidromically activated cells the e-DPSP immediately followed 
the antidromic spike. 
A stimulus-response curve was generated for each cell prior to determining the 
voltage dependence and antagonist sensitivity of the e-DPSP (Figure 3). Those cells 
displaying a steep stimulus response curve were not used, as the threshold for the 1-
DPSP was near that of the e-DPSP. Stimulus intensities were adjusted to plateau 
levels in order to make comparisons between cells and to eliminate or reduce the 
magnitude of overlapping polysynaptic PSPs. Plateau level e-DPSPs were generally 
observed with stimulus intensities of 2 to 3 mA. 
Voltage Dependence of the Callosal e-DPSP. In contrast with the e-DPSP evoked 
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with supramaximal stimuli, the plateau level e-DPSP amplitude increased with 
depolarization from rest (compare Figs. SB and 1 lA, filled squares). Hyperpolarizing 
and depolarizing current steps (~ 200 msec; < 1 nA) were administered prior to 
stimulating the callosum to determine whether the e-DPSP amplitude varied with 
membrane potential. The e-DPSP was evoked during the steady-state phase of the 
voltage deflection, as the membrane potential I-V relation was linear in this range 
(Figure 13B, open squares). The slope of the e-DPSP voltage relation was positive 
and therefore unconventional. However, the slope of the voltage relation generally 
approached zero at membrane potentials negative to rest. Furthermore, the I-V 
relation associated with the peak of the e-DPSP was not significantly different than 
that of the membrane potential (Figure 13B). Hence, the current flow associated 
~th the e-DPSP had little effect on the somatic membrane input resistance. 
Sensitivity to APV and CNQX. The effects of CNQX and APV on the callosal e-
DPSP were qualitatively different. The NMDA antagonist, APV (20 µM), reduced 
the mean e-DPSP (8.7 ± 1.4 mV) by 20 % (i.e., 1.8 mV) and the total area by 41% 
(N =5; Table I; Figure 10). The onset latency and rising slope of the e-DPSP were 
not reduced by APV, whereas, the slope of decay and total duration were. 
Furthermore, the APV sensitive late component of the e-DPSP diminished with 
hyperpolarization, as expected for an NMDA receptor mediated potential (Figure 
10). In contrast, the non-NMDA antagonist, CNQX, invariably reduced both the 
peak amplitude and the rising slope of the e-DPSP (N =7; Table I; Figure 11). 
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Furthermore, the effects of CNQX were concentration dependent. As illustrated in 
Figure 11, submaximal concentrations of CNQX (0.3 and 1 µM) decreased the rising 
slope and plateau amplitude of the e-DPSP. The stimulus-response relation was 
shifted to the right but the threshold was unaffected (Figure llA). The mean 
plateau level e-DPSP amplitude, rising slope and total area were reduced by 52%, 
37% and 61 % in 1 µM CNQX (N =7) and by 79%, 67% and 78% in 3 µM CNQX 
(N =4; Table I). Up to 5 µM CNQX caused no further reduction in the e-DPSP. 
In the presence of CNQX, APV reduced the rising slope and peak amplitude 
of the remaining e-DPSP (Figure 12; Table I; N =5). Together 3 µM CNQX and 10 
µM APV, reduced the mean plateau level e-DPSP recorded at resting potentials by 
9~% (N =2). In the presence of lµM CNQX and 10 µM APV the mean reduction 
was only 70% (N =3; Table I). As 10 µMis a relatively high concentration of APV, 
it was assumed that the e-DPSP remaining in 1 µM CNQX and 10 µM APV was in 
fact APV insensitive. Thus, under the three conditions tested, about 20% of the e-
DPSP peak amplitude was APV sensitive. In some cells, APV reduced a greater 
proportion of the e-DPSP recorded at depolarized potentials (Figure 13). The two 
components were most likely generated by the same set of fibers since the threshold 
and onset latency of the APV and CNQX sensitive components were the same. 
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Discussion I 
The majority of neurons in the present study were probably local or ipsilateral 
projecting neurons. More than 90% of the superficial layer V neurons were not 
antidromically activated from the callosum. Thus, these neurons did not project 
contralaterally or their contralateral projections were not within the plane of the 
slice. Ferster and Lindstrom (1985b) found that superficial layer V neurons were not 
antidromically activated from the superior colliculous or the thalamus, thus a 
subpopulation of intracortical projecting neurons may exist in superficial layer V. 
The morphologic and physiologic properties of neurons characterized in this study 
resembled those of neurons that give rise to local or horizontal projections within 
layers V and VI (McCormick et al., 1985; Changnac-amitai et al, 1990; Vogt and 
Gorman, 1982). 
Polysynaptic Potentials 
EPSP-IPSP sequence As our aim was to characterize the direct excitatory 
connections between cortical neurons, it was necessary to differentiate these from the 
polysynaptic potentials evoked with callosal stimulation. The e-DPSP, generally the 
lowest threshold potential, increased in amplitude with increasing stimulus intensity 
to a plateau or maximal level above which polysynaptic inhibitory and excitatory 
potentials were evoked. 
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The callosal EPSP-IPSP sequence, evoked with higher stimulus intensities, was the 
same as previously described grey or white matter evoked potentials recorded 
throughout the rodent neocortex. The early inhibitory component (e-IPSP) reversed 
between -68 and -78 m V, whereas, the late inhibitory component (1-IPSP) apparently 
reversed at a potential negative to -90 m V. The mean peak latencies of early and 
late IPSPs were 33 and 167 msec respectively. The time course and reversal 
potential of the e-IPSP resembled those of the chloride mediated IPSPs generated 
by GABAA receptor activation (Connors et al., 1988; Scholfield, 1978). The 1-IPSP 
resembled the slow, potassium mediated IPSP that has been characterized as GABA8 
receptor mediated (Connors et al., 1988; Howe et al., 1987; Karlson et al., 1988; 
Newberry and Nicoll, 1984). Early and late IPSPs presumably arose from 
polysynaptic EAA pathways since callosal projections arise almost exclusively from 
pyramidal neurons. Accordingly, blockade of EAA transmission with CNQX blocked 
IPSPs evoked with stimulation of the grey or white matter (Hirsch and Crepe!, 1990; 
Hablitz and Sutor, 1990). Because of the overlap in time course, the e-IPSP 
dramatically influenced the shape and voltage dependence of the e-DPSP (Figures 
7 and 13). The depolarizing peak of the EPSP-IPSP sequence increased with 
hyperpolarization apparently due to an increase in the reversed (depolarized) e-IPSP 
which shunts the late APV sensitive component of the e-DPSP (Figure 6; Hirsch and 
Crepe!, 1990; Jones and Baughman, 1988). 
1-DPSPs Polysynaptic EPSPs have been observed under a variety of conditions and 
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may even be characteristic of foci generating synchronous cortical activity. In the 
present study, we restricted our recording to the superficial band of layer V which 
receives direct excitatory inputs from contralateral layer V and superficial layer III. 
Layer III in turn receives a monosynaptic input from neurons in ipsilateral layer VI. 
The polysynaptic potentials recorded in the present study could have been generated 
by the layer VI-layer III-layer V pathway, as some cells in layer VI project via the 
callosum and receive projections from contralateral layer VI. In addition, 1-DPSPs 
could have arisen from reverberating excitations between hemispheres as the callosal 
WM between the stimulating electrode and the opposite hemisphere was not 
routinely severed. A 1-DPSP resembling the high threshold 1-DPSP has been evoked 
in layer III cells with stimulation of the underlying grey matter (Sutor and Hablitz, 
1989a, 1989b ). As in the present case it was difficult to determine the source of the 
layer III 1-DPSP, however, it did not arise from recurrent excitations between 
hemispheres because monohemispheric slices were used in that study. 
Paradoxically, in some cells the threshold for the 1-DPSP was below that of the e-
DPSP whereas, in other cells it was above. Low threshold callosal evoked 1-DPSPs 
have been observed in layers III and VI of the somatosensory cortex with latencies 
ranging from 7 to 20 msec (Thomson, 1986). Low threshold 1-DPSPs observed in the 
present study may have been generated by the same pathway as 1-DPSPs observed 
by Thompson, as the range of onset latencies were similar. Furthermore, both 
potentials were sensitive to APV. One pathway was eliminated as a source for the 
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low threshold 1-DPSP, that is, it was not a serial product of the e-DPSP. 
Our major concern in the present study was to eliminate the 1-DPSPs in order to 
record the e-DPSP in isolation. This was achieved by using low stimulus intensities 
and by eliminating those cells with low threshold 1-DPSPs from the study. However, 
in some cells the peak of the 1-DPSP was very near that of the e-DPSP making it 
difficult to distinguish between the two. Varying the stimulus frequency was one 
means of differentiating between the two, as the peak amplitude of high and low 
threshold 1-DPSPs varied considerably with repetitive stimulation at frequencies 
above 0.03 Hz. Furthermore, 1-DPSPs were highly sensitive to EAA antagonist, as 
apparently all polysynaptic intracortical PSPs are (Hablitz and Sutor, 1990; Hirsch 
and Crepel, 1990; Thomson, 1986). 1 µM CNQX abolished and APV reduced or 
abolished the high and low threshold 1-DPSPs. Thus, polysynaptic pathways 
generating 1-DPSPs utilized both NMDA and non-NMDA transmission, 
predominantly the latter. Though 1 µM CNQX partially blocked the e-DPSP, it 
preferentially blocked low and high threshold 1-DPSPs. Hence, CNQX was an 
effective tool for isolating the e-DPSP from polysynaptic potentials. 
Callosal evoked e-DPSP 
Source The callosal e-DPSP was most likely generated by monosynaptic somato-
dendritic input from contralateral layer V pyramidal neurons (Vogt and Gorman, 
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1982). The e-DPSP was assumed to be monosynaptic because the onset latency did 
not vary with stimulus parameters (i.e., intensity, frequency or polarity). Recordings 
were restricted to layer V to eliminate parallel, albeit less prominent, monosynaptic 
transcallosal connections between contralateral neurons in layers III and VI (Gerfen, 
1989; Vogt et al., 1981). Stimuli were delivered to the dorsal corpus callosum, not 
the white or grey matter beneath the recording site, to exclude thalamic fibers as a 
source for the e-DPSP. It is possible that the e-DPSP was generated in part by the 
antidromic activation of neighboring callosal projecting pyramidal neurons since a 
similar phenomenon has been observed in visual and somatic sensory cortices of the 
cat (Ferster and Lindstrom, 1985a, 1985b; Takahashi et al., 1966). However, 
antidromically activated inputs from neighboring layer V pyramidal neurons should 
have been physiologically identical to orthodromically activated input from 
contralateral layer V neurons because the same type of neurons give rise to both 
inputs and the synapses are presumably distributed over the same somato-dendritic 
region. Antidromic activation of layer III callosal fibers would have generated a 
monosynaptic e-DPSP, if the same fibers collateralized to innervate layer V cells. 
Though collaterals of callosal projections exist, collateralization of interhemispheric 
fibers is generally not observed in adult rats (Catsman-Berrevoets et al., 1980, 1981; 
Ivy and Killackey, 1982; O'leary et al., 1981; Sarter and Markowitsch, 1985; Perino 
et al., 1987). 
Voltage senritivity When the membrane potential was progressively depolarized 
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from rest, the amplitude of the isolated e-DPSP increased. Though the slope of the 
voltage relation at depolarized membrane potentials was positive (i.e., 
unconventional), it was shallow and approached zero at membrane potentials 
negative to rest. A similar voltage dependency has been described for NMDA 
receptor mediated synaptic potentials (Mayer and Westbrook, 1987). Alternatively, 
an unconventional voltage dependence has been ascribed to the influence of voltage 
dependent currents which also generate a non-linearity in the somatic membrane 1-V 
relation (Sutor and Hablitz, 1989b ). In the present study the somatic membrane 1-V 
relations were generally linear over the range of voltage tested. Furthermore, the 
slope of the 1-V relation associated with the peak of the e-DPSP was not significantly 
different than that of the membrane potential. Hence, it is likely that the somatic 
membrane potential was not greatly influenced by the dendritic synaptic currents and 
visa versa. 
EAA Antagonist Sensitivity Callosal e-DPSPs were predominantly non-NMDA 
receptor mediated. The non-NMDA antagonist, CNQX (0.3 to 3 µM), reduced the 
rising slope and peak amplitude of the plateau level e-DPSP in a concentration 
dependent manner. CNQX (3 µM) reduced the mean e-DPSP peak amplitude, 
rising slope and total area by 79%, 67 % and 78% respectively. Thus, it would 
appear that non-NMDA receptors were responsible for most of the callosal e-DPSP. 
Kainate receptors may have mediated the CNQX sensitive component, as CNQX (1 
to 5 µM) preferentially antagonizes the effects of kainic acid in cortical slices 
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(Andreasen et al., 1989). Accordingly, a high density of kainic acid receptors has 
been observed in layer V where contralateral layer V afferents terminate (Monaghan 
and Cotman, 1982; Patel et al., 1986; Zilles et al., 1990). In contrast, quisqualate and 
NMDA receptors apparently predominated in layers III and IV where thalamic fibers 
terminate (Monaghan and Cotman, 1985; Monaghan et al., 1984; Maragos et al., 
1988). 
An APV sensitive component of the e-DPSP was observed in the absence and 
presence of CNQX. APV alone reversibly reduced the peak amplitude and late 
component of the e-DPSP by about 20 %, however the rising slope was unaffected. 
Similar findings have been reported for monosynaptic e-DPSPs recorded in cultured 
spinal and hippocampal neurons (Forsythe and Westbrook, 1988). However, the 
APV sensitive late component could have been an APV sensitive 1-DPSP in the 
present study. As an alternative, the APV sensitivity was tested in the presence of 
CNQX (Figures 12 and 13; Table I 1) which eliminated the 1-DPSP, as well as the 
e-IPSP (Hirsch and Crepel, 1990; Hablitz and Sutor, 1990). CNQX concentrations 
of up to 5 µM failed to completely block the e-DPSP. Residual e-DPSPs recorded 
in the presence of 1 to 3 µM CNQX were reversibly attenuated by 10 µM APV. It 
was assumed that the APV and CNQX sensitive components were generated by the 
same set of callosal fibers, as the threshold and latencies of the two were the same. 
NMDA receptors greatly influenced the shape of the residual e-DPSP, as APV 
reduced the rising slope of e-DPSPs when 1 to 3 µM CNQX was present. If the 
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CNQX and APV sensitive components summated linearly, then the APV sensitive 
component was responsible for as much as 20% of the peak e-DPSP amplitude under 
all conditions tested. NMDA receptors may contribute relatively more to the total 
e-DPSP under physiologic conditions, as no measures were taken to optimize NMDA 
potentials in the present study. 
EAA pathway heterogerieity The contribution of NMDA receptors to the callosal e-
DPSP characterized in the present study is similar to that of EPSPs evoked with 
stimulation of the subcortical WM (Jones and Baughman, 1988; Thompson, 1989). 
This could be due to the activation of a common set of fibers, as callosal fibers 
ascend via the subcortical WM en route to layer V (Scheibe! and Scheibe!, 1967). 
EPSPs presumably arising from neurons in layers III, V and VI are all mixed EAA 
EPSPs (DeCurtis et al., 1989; Hirsch and Crepel, 1990; Jones and Baughman, 1988). 
In contrast, a putative thalamocortical EAA EPSP resembles the callosal e-DPSP in 
voltage dependence but not EAA antagonist sensitivity (Hablitz and Sutor, 1990; 
Sutor and Hablitz, 1989a, 1989b ). That is, the thalamocortical EPSP does not have 
a significant APV sensitive component. 
The dichotomy in EAA pathways may be functionally relevant for the 
dissemination of converging EAA input, as NMDA and non-NMDA potentials are 
differentially affected by converging transmitter input, pharmacologic insult and 
tetanic stimulation (Mayer and Westbrook, 1987; Muller and Lynch, 1990; Reynolds 
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et al., 1988; Markram and Segal, 1990). According to the classical columnar view of 
cortical processing, excitatory input can activate superficial neurons which in turn 
activate deep neurons which in turn activate subcortical targets. In theory, excitatory 
input can bypass superficial layers directly activating output from the deep layers or 
bypass deep layers altogether, as superficial neurons also project subcortically. Thus, 
the circuitry of the cortex allows for serial or parallel processing via superficial and 
deep cortical layers. If serial or parallel cortical circuits are comprised of distinct 
EAA pathways, then convergent non-EAA transmitter influence may gate the flow 
of information through one or the other cortical circuits. In addition, physiologic 
conditions would influence simple modes of cortical activity such as synchronous 
rhythmic bursting which apparently rely on the integrity of EAA input and at some 
synapses NMDA receptor activation. Support of such a thesis awaits further 
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Figure 3. Three firing patterns observed in superficial layer V cortical neurons with prolonged current 
injections. Prolonged (~150 msec) hyperpolarizing and depolarizing current steps (between -300 and 
200 pA; 100 pA increments) were made from resting potential (-80 mV). Top left: Regular spiking 
cells displayed pronounced biphasic post-spike hyperpolarizations and readily accommodated to 
prolonged depolarization. right: DAP cells were characterized by pronounced post-spike depolarizing 
afterpotentials (DAPs). With larger depolarizations from rest, the envelope of the DAP increased to 
evoke a small cluster (2-3) of spikes (not shown). Bottom left: Burst spiking cells displayed all or none 
bursts in response to depolarization from rest. right: A small number (7 /67) of the cells in superficial 
layer V were antidromically activated from the callosum. The antidromic spike generally failed to invade 
the soma unless the membrane was depolarized from rest. The response of a regular spiking cell to 
callosal stimuli is shown; three successive responses to callosal stimulation at -78 mV (rest) and at -60 















Figure 4. Callosal evoked synaptic responses in two layer V neurons. Three successive synaptic 
responses recorded at rest are superimposed for each stimulus intensity shown. (A) A short latency 
depolarizing potential (e-DPSP) was the lowest threshold response in this regular spiking neuron. The 
amplitude of the e-DPSP grew with increasing stimulus intensity. At high intensities (3 mA), a late 
depolarizing peak (l-DPSP) was observed (arrow). When the stimuli were delivered once every 30 
seconds (0.03 Hz), there was little variation in the 1-DPSP amplitude. (B) In another regular spiking 
neuron, the threshold for the 1-DPSP (1 mA) was near that of the e-DPSP. When the stimulus intensity 
was increased beyond threshold for the 1-DPSP (1.2 mA), the amplitude of the 1-DPSP was attenuated 
and ultimately replaced by a hyperpolarizing potential (3 mA). Note in B, the amplitude and peak 
latency of the 1-DPSP (arrows) varied as the stimulus frequency was > 0.03 Hz. Resting membrane 
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Figure 5. The callosal evoked e-DPSP amplitude increased, with increasing stimulus intensity in 5 
different layer V neurons. e-DPSP amplitudes were measured at rest in each cell. The stimulus-
response relation generally reached a plateau with stimuli between 2 and 3 mA. The e-DPSP on the 
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Figure 6. IPSPs recruited with high stimulus intensities reduce the late component of the DPSP 
recorded at depolarized potentials. Top: Callosal evoked responses recorded in a DAP cell. Upper 
traces: responses evoked by 3, 4, and 8 mA at a holding potential of -57 m V. Note the reduction in the 
late component observed at intensities above 3 mA. Lower traces: responses evoked by 1, 2, 3 and 4 
mA at rest (-78 m V). Each trace is an average of three synaptic responses. Bottom: Graphic summary 
of the same data. The stimulus-response relation for the peak of the DPSP (10 msec) recorded at rest 
(-78 mV) reached a plateau with stimuli between 2 and 3 mA (filled circles). Beyond the plateau, the 
amplitude of the depolarizing potential recorded at rest continued to rise. The stimulus response 
relation for the late component (40 msec) of the e-DPSP recorded at -57 mV also peaked between 2 
and 3 mA (open circles). However, at higher stimulus intensities the amplitude of the late component 
decreased and was ultimately replaced with a net hyperpolarizing potential (filled squares). 
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Figure 7. The voltage dependence of EPSP-IPSP sequence evoked with high intensity stimulation of the 
callosum. When the stimulus intensity was supramaxirnal for the e-DPSP, a biphasic IPSP followed the 
e-DPSP. (A) Both peaks of the IPSP increased with depolarization from rest (-73 mV). The early (25 
msec) IPSP (e-IPSP; arrow head) was hyperpolarizing when the membrane potential was held between 
-50 mV and -68 mV. At membrane potentials negative to -68 mV, the e-IPSP was depolarizing. In 
contrast, the late (120 msec) IPSP (1-IPSP; arrows) was hyperpolarizing at all membrane potentials 
shown. (B) Voltage relations for the synaptic responses illustrated in A are shown graphically in B. 
The e-IPSP reversed between -65 and -70 mV, whereas, the 1-IPSP was nearly reversed at -94 mV. Note 
that the supramaximal e-DPSP displayed a conventional voltage relation (squares). 
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Figure 8. Effects of EAA antagonists on e-DPSP-l-DPSP sequence and low threshold 1-DPSP. 
A e-DPSP-1-DPSP sequence and a 1-DPSP were recorded at various holding membrane potentials (-87 
to -65 mV) in a regular spiking neuron. Left: e-DPSP-1-DPSP sequences evoked with cathodal stimuli. 
Right: Low threshold 1-DPSP evoked with anodal stimuli. Left top: At -65 mV the 1-DPSP (solid 
triangles) evoked several regenerative sodium spikes (spikes are truncated). middle: The 1-DPSP of the 
e-DPSP-1-DPSP sequence was attenuated but not abolished following exposure to APV (20 µM). 
bottom: The 1-DPSP was abolished by 1 µM CNQX. Right top: An isolated 1-DPSP was evoked with 
anodal stimuli (same intensity). middle & bottom: Low threshold 1-DPSPs were abolished by APV (20 
µM) or CNQX (1 µM). Resting membrane potential of this cell was -72 m V. Three successive 
responses were averaged for each trace, with the exception of traces right middle set of single trial 
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Figure 9. Effects of CNQX on an isolated e-DPSP and a e-DPSP-1-DPSP sequence evoked in a OAP 
neuron. Top left: Isolated e-DPSPs evoked with cathodal stimuli and recorded at various membrane 
potentials. right: e-DPSP-l-DPSP sequence evoked with anodal stimuli and recorded at the same 
membrane potentials. Bottom: Isolated e-DPSPs (left) and e-DPSP-1-DPSP sequences (right) recorded 
at resting membrane potential (-82 m V) in the presence or absence of CNQX (1 µM) are superimposed 
and subtracted (bottom traces) to illustrate the degree of antagonism. Note that the 1-DPSP was 
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Figure 10. APV reversibly attenuated the e-DPSP late component. Plateau level e-DPSPs recorded at 
various membrane potentials in the presence or absence of APV (20 µM) are superimposed. Top Trace: 
At a membrane potential of -58 mV, the late component of the e-DPSP reached action potential 
threshold (spike is truncated). In the presence of APV the e-DPSP no longer evoked a spike. Bottom 
Traces: The APV sensitive late component was larger at membrane potentials depolarized to rest (-70 
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Figure 11. CNQX antagonism of the plateau level e-DPSP was concentration dependent. (A) CNQX 
(1 µM) reduced the plateau level e-DPSPs (arrow) from 5 mV to 2 mV and the supraplateau level e-
DPSP from 7.8 to 2.5 mV. Note that the threshold did not change. (B) CNQX (0.3 and 1 µM) 
reduced the e-DPSP rising slope, peak amplitude and total area in a concentration dependent manner. 
Plateau level e-DPSPs recorded at rest in the presence and absence of CNQX are superimposed. Note 
that the e-DPSP onset latency is not affected by CNQX. Cells in A and B were both regular spiking 
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Figure 12. An APV sensitive component persisted in the presence of 3 µM CNQX. All recordings were 
obtained from the same regular spiking neuron. Each trace is an average of three consecutive e-DPSPs. 
(A) The amplitude and total area of the e-DPSP increased with depolarization from rest (-72 mV). 
CNQX (1 and 3 µM) antagonism of the e-DPSP was concentration dependent. e-DPSPs evoked at 
depolarized potentials were particularly sensitive to EAA antagonists. (B) A residual e-DPSP persisted 
in the presence of 3 µM CNQX. The residual e-DPSP was attenuated by 10 µM APV. (C) APV 
reduced the rising slope, peak amplitude and total area of the e-DPSP recorded in the presence of 
CNQX (3 µM). e-DPSPs recorded in the presence of CNQX (a) and CNQX plus APV (b) are 
superimposed. e-DPSPs recorded at a holding potential of -50 mV (top traces) were more sensitive to 
the antagonist action of APV then those recorded at rest (bottom traces). Note that the e-DPSP onset 
latency is the same under all conditions. 
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Figure 13. EAA antagonists reduced the e-DPSP amplitude in a voltage and concentration dependent 
manner. (A) The control (solid squares) e-DPSP voltage relation was unconventional, as the amplitude 
(mV) increased with depolarization but not hyperpolarization of the membrane potential (mV). CNQX, 
1 and 3 µM (solid triangles and circles), decreased the e-DPSP recorded at any membrane potential to 
approximately 4 and 2.5 mV respectively. Hence, the CNQX antagonism was greater for e-DPSPs 
evoked at potentials depolarized from rest (-72 mV). APV reduced the residual e-DPSP persisting in 
the presence of 3 µM CNQX. (8) Current voltage (1-V) relations were linear over the range of voltages 
examined. Steady state voltage deflections ( m V) were elicited by transient (200 msec) depolarizing or 
hyperpolarizing current steps (nA). The slope of the I-V associated with the e-DPSP peak 
depolarization (solid squares) was the same as the membrane potential 1-V (open squares). Hence, the 
e-DPSP was not associated with a detectable increase in input resistance. Data was obtained from the 
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Background II: Serotonergic modulation of cortical neuron function 
Serotonergic input to the neocortex arises predominantly from the dorsal raphe 
(Lorens, 1974; Steinbusch, 1984). Dorsal raphe fibers ascend with the medial 
forebrain bundle to innervate discrete regions of cortex, whereas median raphe fibers 
in the cortex or more diffuse (O'Hearn and Molliver, 1984). Serotonergic fibers, 
5HT and 5HT metabolites are particularly concentrated in the supragenual 
dorsomedial PFC (Emson and Lindvall, 1979; Reader and Grondin, 1987). Within 
this region the serotonergic fibers are somewhat concentrated in layers III and V 
where they terminate almost exclusively on dendrites of cortical neurons (Steinbusch, 
1984; Zilles et al., 1990). Serotonergic fibers in the superficial layers (III-IV) are 
anatomically distinct from those in the deep layers. Morphologic differences of 
serotonergic fibers in layers III and V are mirrored by differences in 5HT receptor 
subtypes concentrated in each layer. 5-HT2 receptors are highly concentrated in the 
superficial layers, whereas 5-HT1 receptors are particularly concentrated in layer V 
and VI (Pazos et al., 1985; Pazos and Palacios, 1985; Zilles et al., 1990). 
5HT receptors can be categorized according to their relative affinities for tritiated 
5HT where 5HT2 and 5HT1 receptors have a low and high affinity for 5HT 
respectively (Nelson, 1990, review). Potent selective 5-HT2 or 5-HT1 receptor 
antagonists are presently not available (Bradley et al., 1986; Pazos et al., 1985; Pazos 
and Palcios, 1985; Peroutka, 1986). 5-HT2 receptors can be distinguished from 5-HT1 
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receptors, as the former are antagonized by ketanserin (Bradley et al., 1986). 
Spiperone antagonizes 5-HT2 receptors, but it also antagonizes 5-HT1 receptors 
(Bradley et al., 1986; Peroutka, 1986). Both spiperone and ketanserin have little 
affinity for 5-HT3 receptors. Thus, if a serotonin receptor-mediated response is 
antagonized by both spiperone and ketanserin, then it is most likely mediated by 5-
HT 2 receptors. Alternatively, if the response is antagonized by spiperone but not 
ketanserin, then it is probably mediated by 5-HT1 receptors. Finally, 5-HT responses 
that are resistant to ketanserin and spiperone may be mediated by 5-HT3 receptors. 
5-HT3 receptor-mediated responses are selectively antagonized by ICS 205-930 and 
MDL 7222 and are mimicked by 2-methyserotonin in the rat PFC (Ashby et al., 1989; 
Bradley et al., 1986). 5-HT IA receptors are selectively activated by low 
concentrations of the 5-HT1A agonist, 8-hydroxy-2-( di-n-propylamino )-tetraline 
(DPAT), whereas 5HTIA and 5HTrn receptors are non-selectively activated by 
trifluromethylphenylpiperazine (TFMPP) and 5-carboxyamidotryptamine or 5-CT 
(Beck, 1989; Colino and Halliwell, 1986; Hamon et al., 1986; Nishimura et al., 1988; 
Sills et al., 1984 ). Thus, if the physiologic response to 5HT is antagonized by 
spiperone but not by ketanserin and is mimicked by low concentrations of TFMPP, 
5-CT or DPAT, then the receptors mediating that response can be classified as 5-
HTIA. In theory, 5HTrn receptors are activated by 5HT, TFMPP, or 5-CT and 
insensitive to ketanserin or spiperone (Sills et al., 1984). There is no selective 5HTrn 
antagonist to date but 5HTrn receptors are antagonized by B-adrenergic antagonist 
such as pindolol. 
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Much of our understanding of how monoamines act on neural processes is derived 
from the discovery that neurotransmitters can modify voltage dependent ion 
conductances (Adams and Galvan, 1986; Kupfermann, 1979). By altering the voltage 
dependent membrane properties of neurons, neurotransmitters can dramatically 
change a neurons responsiveness to converging synaptic inputs. For example, the 
passive conduction of an EPSP from the dendritic tree to the soma can be facilitated 
by enhancing voltage dependent inward currents or by suppressing voltage dependent 
outward currents that are activated by the EPSP induced membrane depolarization 
(Adams and Galvan, 1986). Thus, the EPSP that reaches the hilar region would be 
larger and closer to firing (action potential) threshold. Dopamine, 5HT, and 
acetylcholine may increase the amplitude and duration of an BAA EPSP via such a 
mechanism (Davies et al., 1987; Legendre et al., 1989; Ma and Dun, 1986; 
McCormick and Williamson, 1989; Penit-Soria et al., 1987; Rasmussen and 
Aghajanian, 1990; Sheldon and Aghajanian, 1990; Spain et al., 1990). The reduction 
in net outward current by these transmitters is generally associated with an apparent 
increased input resistance and in some cases a membrane depolarization. A variety 
of transmitters alter voltage dependent potassium conductances that shape the action 
potential and prevent repetitive discharge with prolonged depolarization. 5HT, 
norepinephrine, histamine, dopamine, and acetylcholine agonists all decrease the 
post-spike train afterhyperpolarizing potential (AHP) in cortical tissue (Colino and 
Halliwell, 1986; Foehring et al., 1989; Lancaster and Adams, 1986; Slater and Larson-
Prior, 1987; Madison and Nicoll, 1986; McCormick and Williamson, 1989; Storm, 
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1989). A reduction in AHP amplitude can dramatically alter the input/ output ratio 
of a cell since the affected neuron fires repetitively in response to prolonged 
depolarization to firing threshold. Transmitter induced reduction of AHPs or net 
outward conductances is not 'excitatory' in the classical sense, as it is not necessarily 
associated with a membrane depolarization and generally lasts for several minutes 
following a brief exposure to the transmitter. 
In addition to increasing the membrane excitability, 5HT can hyperpolarize the 
membrane via an increase in outward potassium conductance (Andrade and Nicoll, 
1988; Baskys et al., 1989; Colino and Halliwell, 1987; Jahnsen, 1980; Joel et al., 1987; 
Segal, 1981; Wang and Dun, 1990). In this respect the action of 5HT resembles that 
o.f the inhibitory neurotransmitter, GABA. In fact, the two transmitters act via a 
common mechanism (McCormick and Williamson, 1989). 
The 5HT induced membrane hyperpolarization and reduction in AHP are 
mediated via different 5HT receptor subtypes. The membrane hyperpolarization is 
mediated by 5HT IA receptors, whereas the excitatory effects of the amine are not 
(Andrade and Nicoll, 1988; Beck et al., 1985; Colino and Halliwell, 1987; Davies et 
al., 1987; Joel et al., 1987; Wang and Dun, 1990). The postsynaptic response to 
activation of putative raphe fibers is associated with a membrane hyperpolarization 
which is 5HT IA receptor mediated and a depolarization of unknown receptor origin 
(Grantyn and Grantyn, 1972, 1973; Pan et al., 1989; Park et al., 1982; Wang and Dun, 
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1990). The receptor subtype mediating the reduction in AHP and net outward 
conductances has been described as 5HT2, 5HT1c and SHTi-like (Davies et al., 1987; 
Legendre et al., 1989; Ma and Dun, 1986; McCormick and Williamson, 1989; Pan et 
al., 1989; Penit-Soria et al., 1987; Rasmussen and Aghajanian, 1990). Hence, as is 
the case for other amines and acetylcholine, the facilatory and inhibitory effects of 
SHT are mediated via distinct receptor subtypes. 
Monoamine induced transient hyperpolarizations and prolonged increases in 
excitability often occur in tandem and may serve to increase the signal to noise ratio 
for processing convergent synaptic potentials. It has been suggested that the brief 
hyperpolarization serves to attenuate all isolated small amplitude EPSPs, whereas the 
AHP reduction would promote the summation of a barrage of EPSPs and the 
repetitive action potential discharge upon reaching threshold. Thus, the output 
(action potentials) generated by tonic isolated input would be attenuated, while the 
output generated by intense phasic input would be augmented. Accordingly, several 
groups have attributed the SHT induced attenuation of synaptic potentials and 
spontaneous cortical activity to postsynaptic effects of the monoamine (Jahnsen, 1980; 
Segal, 1990). However, an alternative mechanism may be proposed if this data is 
interpreted in a different light. 
A dissociation between the effects of SHT on the membrane potential or input 
resistance and synaptically evoked potentials has been observed in sympathetic and 
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parasympathetic ganglia, spinal cord, locus ceruleus and somatosensory cortex. In the 
sympathetic and parasympathetic ganglia, 5HT blocks cholinergic transmission 
without affecting the postsynaptic response to exogenously applied acetylcholine (Dun 
and Karczmar, 1980; Nishimura et al., 1988). Furthermore, this effect is partially 
reversed by increasing the extracellular calcium concentration (Dun and Karczmar, 
1980). In addition, 5HT reduces the somatic calcium spike and the associated 
underlying current (Holz et al., 1986; Kelly and Penington, 1989; Penington and 
Kelly, 1990). A reduced calcium influx would account for the 5HT induced reduction 
transmitter release from sympathetic and cerebellar nerve endings (Maura et al., 
1986; Feniuk et al., 1979; Watts et al., 1981). Thus, the 5HT induced attenuation of 
synaptic potentials may be attributed to a presynaptic site of action. 
A presynaptic site of action also has been proposed for the effects of 5HT on EAA 
EPSPs in the rat spinal cord and locus ceruleus (Bobker and Williams, 1989; Wu et 
al., 1991). In both tissues bath applied 5HT does not appreciably change the resting 
membrane potential nor does it alter the postsynaptic response to pressure applied 
glutamate. 5HT induced attenuation of both EAA EPSPs is antagonized by 
spiperone but not ketanserin; and low concentrations of DPAT (~ 1 µM) mimick the 
inhibitory effect. Thus, the pharmacologic profile of the receptors mediating 
suppression of EAA EPSPs resembles that of 5HT 1A receptors. Maximal suppressive 
effects of 5CT and TFMPP were similar to those of 5HT; however, the actions of 
5CT and TFMPP were insensitive to spiperone antagonism (Bobker and Williams, 
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1989). Hence, Bobker and Williams suggested that 5HT suppresses EAA EPSPs via 
actions on both 5HT IA and 5HT18 receptors. It is difficult to determine whether 
5HTIA and 5HT18 receptors or distributed on a common set of fibers (or neurons), 
since additivity of 5HTIA and 5HT18 receptor activation has not been investigated. 
5HT suppresses the spontaneous activity of layer V neurons in the PFC (Bradshaw 
et al., 1983; Lakoski and Aghajanian, 1985); however, the site and mechanism of 
action is unclear. In the PFC, there are dense, overlapping projections from 
contralateral PFC and dorsal raphe in layer V where 5HT1 receptors are 
concentrated. Thus, input from the raphe may modulate interhemispheric EAA 
transmission. The primary aim of Part II of this dissertation was to characterize the 
effects of 5HT on interhemispheric transmission. Based on previous investigations, 
it is hypothesized that SHT attenuates cortical activity via a suppression of EAA 
transmission. Specifically, it is hypothesized that 5HT suppressess interhemispheric 
EAA transmission in layer V cells of the rat PFC. 
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Methods II 
Cortical slices were prepared and maintained as described in the Methods I. 
Callosal potentials were evoked and characterized as described in Methods I. In 
order to test the postsynaptic effects of 5HT on glutamate potentials, glutamate was 
pressure applied to the proximal dendrites and soma of the impaled neuron. 5HT 
creatine sulfate was bath applied to the tissue in single or cumulative concentrations 
up to 300 µM. Cumulative concentration-effect curves were generated in the 
presence or absence of APV (10 µM), spiperone (1 µM), DPAT (10 µM) or 
ketanserin (1 µM). Cumulative exposures to SHT were limited to 12 minutes to 
reduce or eliminate the excitatory effects of the monoamine. Concentration-effect 
curves for SHT induced decreases in e-DPSP and glutamate potential amplitudes 
were not not normalized, as PSP amplitudes were similar between cells. The EC50, 
Emax and slope (N) of concentration-effect curves were derived from the following 
hyperbolic function which was used to fit the data: E = Erna) [1 + (EC50/ [SHT])N]. 
Apparent ~s (or the KBs) for spiperone antagonism were determined according to 
the following relation: [A] +spi/[A] = 1 + B/KB. [Al+spip/[A] is the ratio of EC50s 
in the presence and absence of spiperone. B is the concentration of antagonist used 
and KB is the estimated dissociation constant for that antagonist. 
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Results II 
Effects of SHT on postsynaptic membrane potentials 
Brief (:5 3 minutes) applications of 5HT (:5 100 µM) did not alter the resting 
membrane potential or input resistance of superficial layer V neurons. In some cells 
the membrane was hyperpolarized or depolarized by 1 to 3 m V during 12 minute 
period following a 3 minute exposure to 5HT or during prolonged (12 minutes) 
exposures to 5HT. As similar fluctuations in membrane potential were observed in 
the absence of drug application, it was difficult to attribute these changes in 
membrane potential to actions of 5HT. 5HT (:5 100 µM) elicited little or no change 
in membrane input resistance as determined from the amplitude of voltage 
deflections generated by long duration ( 150 msec) hyperpolarizing or depolarizing 
current steps (Figure 14). In contrast, SHT greatly suppressed cortical synaptic 
transmission. In the first example, a brief exposure to 10 µM SHT reversibly 
suppressed callosal evoked e-DPSP by 90 % without affecting the input resistance or 
membrane potential. In the second example, cumulative concentrations (:5 100 µM) 
of SHT were applied over a 12 minute period. During that twelve minute period, 
there was some attenuation of tonically induced voltage deflections and a small 
membrane hyperpolarization (:5 3 mV; the membrane was manually clamped to the 
baseline potential). Note that suppression of the e-DPSP was greater than that of 
the tonic depolarizing voltage deflections. Furthermore, maximal attenuation of the 
voltage deflections preceded that of the e-DPSP. 
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Effects of SHT on callosal and subcortical WM evoked synaptic potentials 
In this series of experiments, stimulus evoked PSPs were characterized as described 
in Part I with one exception. About half (4) of the high threshold 1-DPSPs were 
elicited via stimulation of the subcortical WM, as polysynaptic potentials were more 
reliably evoked from this site. The inhibitory effects of SHT on the low threshold 
callosal evoked e-DPSP were characterized in detail, as this was the primary aim of 
the present series of experiments. 
Though 5HT had little effect on the resting membrane potential or input 
resistance, it consistently attenuated PSPs elicited by callosal or subcortical WM 
stimulation. Only two PSPs in the entire study were not attenuated by a maximally 
effective concentration of 5HT, and both of these e-DPSPs were elicited with 
stimulation of the subcortical WM. The time course for the effects of 5HT on WM 
evoked PSPs is illustrated in Figure 15. All WM evoked potentials were partially 
attenuated within seconds of switching to 5HT containing solutions and maximally 
attenuated within 3 minutes. Full recovery from the inhibitory effects of 5HT 
required 15 to 20 minutes. Following recovery from the 5HT induced suppression 
about 10% of the callosal or subcortical WM evoked potentials were increased in 
amplitude. The facilitation of transmission may have been due to the actions of 
5HT, as a 5HT induced facilitation of cortical EPSPs has been observed following 
prolonged (~ 20 minutes) exposures to the monoamine (Reynolds et al., 1988). 
Recovery from the facilitation required about an hour. 
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PolysynapticPotentials. 5HTreduced or abolished 1-DPSP component of the e-DPSP-
1-DPSP sequence leaving much of the e-DPSP intact. In these experiments, the 
stimulus intensities were adjusted to obtain the e-DPSP-1-DPSP sequence and stimuli 
were delivered at frequencies of 0.1 to 1 Hz to illustrate the characteristic stimulus 
induced augmentation of the 1-DPSP (Figure 15A). PSPs were recorded at resting 
membrane potential, as the S-and-1-DPSPs were sufficiently large at these potentials. 
The 1-DPSP generally reached action potential threshold, hence eliciting several 
regenerative sodium spikes. APV was applied to some cells prior to exposure to 
5HT to lower the 1-DPSP amplitude below the action potential threshold. As 
illustrated in Figure 15, 5HT (25 µM) abolished the 1-DPSP without appreciably 
affecting the rising slope of the e-DPSP (Table II; N = 12). Partial recovery was 
generally obtained within 12 minutes of switching to control solutions and full 
recovery was obtained within 15 to 20 minutes. The mean peak amplitude, latency 
and total area of the control 1-DPSP were 14 ± 1 mV, 29 ± 2 msec and 590 msec 
x mV respectively (mean ± sem; N =7). Maximally effective concentrations of 5HT 
reduced the mean peak latency, amplitude and area to 6 ± 1, 16 ± 1 and 196 ± 60 
respectively (mean ± sem; N =7; Table II). 5HT also reduced the rising slope and 
amplitude of the e-DPSP, however the e-DPSP was relatively less sensitive to 5HT. 
As illustrated in Figure 16, lower concentrations of 5HT (1 µM) preferentially 
suppressed the 1-DPSP component, whereas higher concentrations (;::: 10 µM) 
attenuated the e-DPSP as well. Thus, the inhibitory effects of 5HT resembled those 
of CNQX (Part I). 
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5HT (10 to 50 µM) greatly attenuated both components of the IPSP, hence 
revealing the underlying e-DPSP late component or the 1-DPSP (N =8). In these 
experiments, stimulus intensities were adjusted to evoke an e-DPSP-IPSP sequence. 
Stimuli were delivered once every 20 or 30 seconds (0.1 or 0.03 Hz), as the IPSP 
amplitude was attenuated when the stimuli were delivered more frequently (Figure 
17 A). The membrane potential was held above the apparent reversal potential for 
the e-IPSP to maximize the amplitude of the IPSP. Once a baseline IPSP amplitude 
was obtained, cortical slices were transiently (3 minutes) exposed to a maximally 
effective concentration of 5HT (10 to 50 µM). As illustrated in Figure 17, 5HT 
reduced the early and late components of the IPSP. Underlying 1-DPSPs or a e-
DPSP late components were similarly revealed following 5HT or frequency induced 
suppression of the IPSP. The reduction in IPSP amplitude was accompanied by a 
reduction in the e-DPSP component of the e-DPSP-IPSP sequence. Again, the 
effects of 5HT on polysynaptic potentials resembled those of CNQX described in 
Part I. 
Mo1UJSY11.Qptic Potentials. 5HT suppressed NMDA and non-NMDA components of 
the callosal e-DPSP. In this and subsequent series of experiments, stimulus 
intensities were adjusted below threshold for the 1-DPSP and IPSP to isolate thee-
DPSP. The membrane potential was maintained at rest or slightly depolarized from 
rest <~-75 mV) to maximize the baseline e-DPSP amplitude. Frontocortical slices 
were exposed to 5HT (~30 µM) in the presence or absence of APV in order to 
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demonstrate the effects of SHT on the NMDA and non-NMDA components of the 
e-DPSP. SHT attenuated the late, decay phase to a greater extent than the early, 
rising phase of the e-DPSP. The high sensitivity of the late component to SHT was 
reflected in the greater loss of total area as compared to other parameters measured 
(Table 11). The e-DPSP evoked in the presence of SHT was subtracted from the 
control e-DPSP to illustrate the SHT sensitive component. The slow time course of 
the SHT sensitive component resembled that of the APV sensitive component 
(Figure 18A). In order to demonstrate the effects of SHT on the early APV 
insensitive component, the tissue was bathed in APV (10 or 20 µM) prior to 
switching to solutions containing both APV and SHT (3 to 30 µM). As illustrated 
in Figure 18B1, SHT suppressed the residual APV insensitive component of the e-
DPSP (N=6). Hence, both NMDA and non-NMDA components of the e-DPSP 
were attenuated by SHT. 
Suppression of EAA transmission by SHT was concentration dependent. In these 
experiments, cumulative concentrations of SHT (~ 100 µM) were applied over a 12 
minute period. As illustrated in Figure 19, SHT reduced the peak amplitude, total 
area and rising slope of the e-DPSP in a concentration dependent manner. 
Maximally effective concentrations of SHT (~ 10 µM) reduced the rising slope, peak 
amplitude and total area by 44%, 50% and 68% respectively (Table II; N = 11). A 
similar concentration dependent suppression of the e-DPSP was observed in the 
presence of APV (Table II; N =4). The reduction in e-DPSP rising slope by maximal 
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concentrations of 5HT was much greater when low stimulus intensities were 
employed. That is, the mean e-DPSP rising slope was reduced by 18% when 
supramaximal stimulus intensities were employed and by 44% when plateau level 
stimulus intensities were employed (Tabel 1 ). 
Callosal e-DPSPs and depolarizing responses to the EAA, glutamate, were 
concomitantly attenuated by 5HT in a dose dependent manner (Figure 20). The 
membrane depolarization induced by local application of glutamate and the e-DPSP 
were monitored concurrently in eight cells. For two of the eight cells, APV (10 µM) 
was present to block NMDA potentials (Figure 21). Glutamate (10 mM) was 
pressure applied to the somata and proximal dendrites of superficial layer V neurons 
and the amplitude of the glutamate potential was adjusted to match that of the e-
DPSP by manipulating the application pressure. 5HT reduced the peak amplitudes 
of the e-DPSP and the glutamate potential, though suppression of the latter was 
generally less pronounced (Figure 22). 5HT (~ 10 µM) facilitated or had no effect 
on the glutamate depolarizations observed in three of the eight cells, whereas all 
eight e-DPSPs were suppressed. Data from several cells were averaged to generate 
a concentration effect curve for inhibitory effects of 5HT on e-DPSPs and glutamate 
depolarizations (Figure 22). Cells lacking a 5HT induced suppression of the 
glutamate potentials were eliminated so comparisons could be made between e-DPSP 
and glutamate potential suppression. Prior to exposure to 5HT, the matched control 
e-DPSP and glutamate potential amplitudes were 9.97 ± 1 and 12.5 ± 0.89 m V, 
62 
respectively (means ± sem; N =6). The maximal reduction (Emax) of glutamate 
depolarization and e-DPSP amplitudes were 4.6 ± 1.6 m V and 1.9 ± 0.23 m V 
respectively (mean ± sd; N =6). Maximally effective concentrations of 5HT (10 to 
100 µM) reduced the mean e-DPSPs and glutamate potentials by approximately 47% 
and 21 % respectively. In the presence of APV, matched e-DPSP and glutamate 
potential amplitudes were reduced by 44% and 26% respectively (N = 2). Hence, 
5HT induced suppression of the glutamate depolarization was less than that of the 
callosal e-DPSP in the presence or absence of APV. 
The 5HT 1A 2 antagonist, spiperone, differentially affected the 5HT induced 
' 
suppression of the e-DPSP and the glutamate potential. In these experiments, the 
effects of 5HT were determined in the presence and absence of spiperone. As 
illustrated in Figure 23, spiperone antagonized the effects of 5HT on the e-DPSP 
(N =6). In four of these cells the glutamate potential and the e-DPSP were 
monitored simultaneously during exposures to 5HT in the presence and absence of 
spiperone. Spiperone shifted both concentration effect curves to the right (Figure 
24 ). Furthermore, the spiperone antagonism was surmounted by higher 
concentrations of 5HT. Spiperone dramatically affected the glutamate potential 
concentration effect curve, increasing the estimated EC50 from 4.3 ± 1 to 49.5 ± 1. 
In contrast, the EC50 associated with e-DPSP inhibition was increased from 5 ± 1 to 
10 ± 5 µM. Assuming that 1 µM spiperone competitively antagonized the effects 
of 5HT, the K.,'s for spiperone were 95 nM and 1000 nM respectively. Hence, it was 
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assumed that 5HT inhibited the e-DPSP through two mechanisms one of which was 
sensitive to spiperone. 
Spiperone sensitive effects of 5HT were most likely mediated by 5HT1 type 
receptors, as the 5HT2 antagonist, ketanserin failed to block the inhibitory effects of 
5HT (N = 4 of 4 ). In these experiments, the inhibitory effects of 5HT were monitored 
in the presence and absence of 1 µM ketanserin (Figures 25 and 26). In the first 
example the 1-DPSP of a e-DPSP-1-DPSP sequence was abolished by 5HT, whereas 
the e-DPSP was largely unaffected (Figure 25). A similar inhibition was obtained in 
the presence of ketanserin, though the inhibition appeared to be greater. That is, 
suppression of the e-DPSP amplitude was greater when ketanserin was present. 
Similarly, ketanserin enhanced the inhibitory action of 1 µM 5HT on an isolated e-
DPSP (Figure 26). 5HT reduced the e-DPSP area by less than 10% in the absence 
of ketanserin and by more than 40% in the presence of ketanserin. Similar 
enhancements were only observed in 2 of 4 cells tested. 
The 5HT1A ligand, DPAT (0.3 to 10 µM) caused little suppression of WM evoked 
cortical potentials, however, high concentrations of DPAT antagonized the 5HT 
induced suppression of WM evoked cortical potentials (Figure 27). The antagonist 
action of DP AT was tested in three cells and a full 5HT concentration response 
relation was generated for one of these cells. The antagonist action of DPAT was 
overcome by higher concentrations of 5HT (not shown). 
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Discussion II 
At concentrations that maximally suppressed interhemispheric transmission, 5HT 
had little or no effect on the membrane potential or input resistance in the majority 
of layer V neurons tested. When observed, 5HT induced hyperpolarizations (or 
depolarizations) were no greater than 3 m V. Small amplitude, 5HT induced 
hyperpolarizations associated with decreases in input resistance have been observed 
in somatosensory neocortical neurons and are presumably due to actions of 5HT 
through activation of 5HT IA receptors (Davies et al., 1987; McCormick and 
Williamson, 1989). As in the present study, the 5HT induced hyperpolarizations 
observed by Davies et al. (1987) only occured in a small percent of the neurons 
tested. Reynolds et al (1988) reported a 5HT induced suppression of a e-DPSP 
which was not associated with an apparent change in input resistance or membrane 
potential. Similar dissociations between 5HT induced suppression of transmission 
and postsynaptic membrane polarization have been observed in the spinal cord and 
locus ceruleus; hence, 5HT may suppress transmission via a mechanism independent 
of its effects on membrane potential (Wu et al., 1991; Bobker and Williams, 1989). 
Several observations indicate that effects of 5HT were receptor mediated. 
Suppressions of e-DPSPs and the glutamate induced depolarizations by 5HT were 
concentration dependent, saturable and reversible. The suppressive effect of 5HT 
was antagonized by spiperone but not ketanserin. Hence, suppression of 
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interhemispheric transmission was receptor mediated. 
Monosynaptic Potentials 
Suppression of glutamate and synaptic potentials by 5HT may have been mediated 
via actions of the monoamine on distinct target sites. The maximal 5HT suppression, 
Emax• of the e-DPSP was greater than that of the glutamate depolarizing potential. 
The Emax for suppression of e-DPSPs was -5 mV, whereas, that for the glutamate 
potentials was -2 mV. If the effects of glutamate were independent of transmitter 
release, then the effects of 5HT on the glutamate potential reflected postsynaptic 
effects of the monoamine. In contrast, suppression of the e-DPSP by 5HT probably 
reflected presynaptic, as well as, postsynaptic actions of the monoamine. Though 
measures were taken to isolate the e-DPSP from the e-IPSP, the Emax for 5HT 
induced suppression of the e-DPSP may have reflected effects of the agonist on 
overlapping excitatory and inhibitory potentials. Thus, suppression of the e-DPSP 
may have been due to actions on multiple target sites. 
Attenuations of synaptic and glutamate potentials by 5HT were apparently 
mediated via actions of the amine on distinct receptor subtypes. The suppressive 
effects of 5HT on e-DPSPs and glutamate potentials were differentially sensitive to 
antagonism by spiperone. The apparent Kas for spiperone against 5HT induced 
suppression of the glutamate potential and the e-DPSP were 95 and 1000 nM 
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respectively. Thus, 5HT induced suppression of the glutamate potential was ten fold 
more sensitive to spiperone antagonism. Spiperone sensitive receptors mediating 
suppression of the DPSP and glutamate potentials were most likely of the 5HT1 
subtype since the suppressive effects of 5HT were insensitive to antagonism by 
ketanserin. With an apparent ~ of 95 nM, spiperone was less effective as an 
antagonist than has been reported for other 5HT IA receptor mediated events (Beck 
et al., 1985; De Vivo and Maayani, 1986; Pan et al., 1989; Shenker et al., 1987). High 
concentrations of the 5HT IA agonist, DPAT, induced little suppression of the e-DPSP 
(or glutamate potentials) but antagonized further suppression by 5HT. Thus, the 
spiperone sensitive receptor in this system had an atypical 5HT1A pharmacologic 
profile. The receptors mediating suppression of glutamate potentials by 5HT were 
not likely to be of the 5HT18 type, as spiperone is a ~:100 fold less potent at 5HT18 
than at 5HT1A receptors (Nelson, 1990). However, 5HT18 receptors could have 
contributed to the spiperone/ketanserin insensitive suppression of transmission by 
5HT. Dual receptor/mechanisms have been proposed for suppressive effects of 5HT 
on DPSPs in the spinal cord and locus ceruleus (Bobker and Williams, 1989; Wu et 
al., 1991). In those systems, the maximal suppression of transmission by DPAT was 
a fraction of that induced by 5HT or 5CT. Furthermore, spiperone more effectively 
antagonized the actions of DPAT than those of 5HT or 5CT. The receptors and/or 
effectors mediating suppression of corticocortical transmission may be distinct from 
those mediating suppression of transmission in the spinal cord and locus ceruleus, 
since the rank order of agonist potencies were different in the present study. 
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Polysynaptic potentials 
In the present study, the degree of inhibition by 5HT was related to the stimulus 
intensities employed. Maximally effective concentrations of 5HT suppressed the high 
threshold IPSP without abolishing the overlapping e-DPSP or the 1-DPSP. Similarly, 
5HT (~ 10 µM) abolished the high threshold 1-DPSP and the associated stimulus 
induced augmentation of that potential without appreciably affecting the e-DPSP 
rising slope. In contrast, 10 to 30 µM maximally attenuated the rising slope, peak 
amplitude and total area of the e-DPSP when stimulus intensities were adjusted to 
plateau levels. Thus, the 1-DPSP and e-DPSP appeared to be more resistant to the 
inhibitory effects of 5HT when stimulus intensities were supramaximal for the 
respective potentials. 
It was difficult to ascertain the site or mechanism of action causing the 5HT 
induced suppression of polysynaptic potentials. Extrapolating from the observed 
effects of 5HT on the e-DPSP, it may be assumed that 5HT reduced polysynaptic 
inhibition and excitation via a suppression of EAA transmission. Accordingly, EAA 
antagonists suppressed polysynaptic IPSPs and 1-DPSPs at doses that submaximally 
suppressed the e-DPSP (Part I; Hirsch and Crepel, 1990). Alternatively, 5HT 
induced reductions of polysynaptic potentials have been attributed to the 
hyperpolarization of the neurons generating that input (Segal, 1990) or to a selective 
action on GABAergic and EAA transmission (Bobker and Williams, 1989). 
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The high sensitivity of polysynaptic potentials to 5HT is of particular relevance to 
the integrative function of layer V, as neurons in this layer appear to rely on 
polysynaptic excitatory coupling for synchronous activation and output. Afferent 
activation of large regions of cortex has been associated with the frequency and 
intensity sensitive recruitment of large polysynaptic potentials (Ferster and Linstrom, 
1986a, 1986b; Klee and Offenloch, 1964; Morison and Dempsey, 1942; Purpura et al., 
1964; Schlag and Villablanca, 1967). These polysynaptic potentials are apparently 
generated via the extensive lateral innervation of deep cortical neurons by deep 
cortical neurons, that is, the horizontal plexuses described by Cajal (DeFelipe and 
Jones, 1988). Accordingly, layer V has been described as the focus or generator of 
synchronous cortical activity in the adult neocortex (Perkins and Teyler, 1988; Silva 
et al., 1991). Similar foci exist in the deep layers of entorhinal and olfactory cortex 
and in the CA3 region of the hippocampus (Alonso and Garcia-Austt, 1987; Prince 
and Connors, 1986; Schwartzkroin, 1986; Miles et al., 1984 ). These foci share several 
common properties including extensive intralaminar EAA synaptic coupling and a 
high incidence of burst or DAP firing neurons. Polysynaptic 1-DPSPs resembling 
those described here, are associated with the synchronous 'bursting' of cells in layers 
III and V of sensory cortices and the CA3 region of the hippocampus (Luhmann and 
Prince, 1990; Miles et al., 1984). As 5HT preferentially attenuates polysynaptic 
potentials, it may shift layer V neurons from a synchronous mode of activity to an 
asynchronous one. Accordingly, there have been numerous reports suggesting that 
raphe serotonergic input raises the threshold for synchronous cortical activity (Kovacs 
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and Zoll, 1974; Lerner-Natoli et al., 1986; Munkenbeck and Schwark, 1982; Simon 
et al., 1973; Vanderwolf, 1988, 1989). Of course, this is a simplistic scheme as it does 
not account for the excitatory effects of the monoamine observed following prolonged 
exposures nor does it account for the possibility that 5HT may preferentially 
attenuate IPSPs under some conditions. 
Con.clusioru This study provides evidence that 5HT modulates interhemispheric 
transmission. Isolated interhemispheric corticocortical DPSPs were found to consist 
of NMDA and non-NMDA components. Serotonin effectively suppressed both 
components of the monosynaptic potentials as well as higher threshold polysynaptic 
potentials. The effects of 5HT on monosynaptic potentials are mediated through 
activation of 5HT1-like receptors which are apparently located pre-and 
postsynaptically on layer V neurons of the PFC. 
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Figure 14. Effects of 5HT on membrane potential, input resistance and callosal e-DPSP. (A) Brief bath 
applications of 5HT (10 µM; 3 minutes) reduced the e-DPSP amplitude but not the input resistance 
monitored from membrane potential deflections ( m V) elicited by 150 msec depolarizing current steps 
(0.1 nA). Note that the membrane potential was not hyperpolarized during the 3 minute exposure to 
SHT. (B) The membrane potential of another cell was hyperpolarized (2 mV) during a 12 minute 
exposure to cumulative concentrations of 5HT (3 and 10 µM; 3 minutes each). The membrane potential 
was manually clamped to resting levels prior to testing the input resistance (0.2 nA current steps) and 
the DPSP amplitude(*). In the presence of 10 µM SHT, there was a 20% reduction in input resistance 
and a 90% reduction in e-DPSP amplitude. The e-DPSP recovered (R) from the suppressive effects 
of 5HT in both neurons. Neurons in A and B were both regular spiking, with resting membrane 
potentials of -73 m V. 
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0.03 Hz 1 Hz 
B _J 10 mV 
30 ms 
Control SHT (3 min) 
Figure 15. 5HT abolished the frequency sensitive 1-DPSP. A e-DPSP-1-DPSP sequence was evoked with 
high intensity stimulation of the subcortical WM. All synaptic potentials were recorded at rest from the 
same DAP neuron. Top left: A control e-DPSP-1-DPSP sequence elicited with low frequency (0.03 Hz) 
stimulation. right: A control e-DPSP-1-DPSP sequence elicited with a stimulus frequency of 1 Hz. 
Note the stimulus induced augmentation of the 1-DPSP. Middle left: 1 Hz stimulus induced 
augmentation prior to exposing the tissue to 5HT. right: The effects of 25 µM 5HT on the e-DPSP-1-
DPSP sequence and the associated frequency induced augmentation were obtained 3 minutes after 
switching to a 5HT solution. Bottom left: Partial recovery was obtained within 12 minutes of switching 
to control solutions. right: The 1-DPSP was fully recovered following an 18 minute wash. 
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Figure 16. 5HT reduced the 1-DPSP of high threshold e-DPSP-1-DPSP sequences. Stimulus threshold 
for the e-DPSP-1-DPSP sequence was greater than that required to evoke a maximal amplitude e-DPSP. 
Exposure to 5HT was non-cumulative. Control and 5HT (1 to 30 µM) treated potentials are 
superimposed. Top traces: Low concentrations of SHT (1 µM) reduced the 1-DPSP peak amplitude 
by 50% without affecting the e-DPSP rising slope or peak amplitude (*). Middle traces: 5 µM 5HT 
reduced the 1-DPSP by 70 % and attenuated the e-DPSP. Bottom traces: Only high concentrations of 
5HT (30 µM) appreciably affected the rising slope of the e-DPSP evoked with a supramaximal stimulus 
intensity. APV (10 µM) was present throughout the experiment to reduce the 1-DPSP amplitude below 
action potential threshold. 
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Figure 17. Frequency and 5HT induced suppression of the IPSP. Stimulus intensities were adjusted 
above threshold for the e·DPSP to obtain a e-DPSP-IPSP sequence. The holding membrane potentials 
were above e-IPSP reversal potential. (A) The IPSP amplitude did not change when stimuli were 
delivered once every 30 seconds (0.03 Hz; top trace). The time scale for recordings in middle and 
bottom traces are expanded to illustrate the effects of 5HT on different components of the e-DPSP-IPSP 
sequence. The peak amplitude of the IPSP (arrows) was reversibly attenuated when stimuli were 
delivered once a second (1 Hz; top and middle traces). 5HT (30 µM) similarly affected both peaks of 
the IPSP (bottom traces). (B) An expanded time scale was employed to illustrate the effects of 5HT 
(30 µM) on IPSPs recorded in another neuron. 5HT reversibly reduced both components of the IPSP. 
Note that a 1-DPSP was apparent following suppression of the IPSP. Furthermore, the e-DPSP peak 
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Figure 18. 5HT suppressed NMDA and non-NMDA components of the e-DPSP. Stimulus intensities 
were adjusted to obtain plateau level e-DPSPs in two regular spiking neurons. (A) e-DPSPs evoked 
in the presence and absence of 5HT (10 µM) are superimposed (top) and subtracted (bottom) to 
illustrate the marked attenuation of the late component. (B1) APV was applied to block the e-DPSP 
late component. Control and APV treated e-DPSPs are superimposed (top) and subtracted (bottom) 
to illustrate the slow time course of the APV sensitive component. (Bz) The early APV insensitive 
component was also reduced by 5HT. e-DPSP traces in the presence of APV and APV /5HT (10 µM) 
are superimposed (top) and subtracted (bottom). The e-DPSP was recorded at rest (-68 mV) in A and 
5 m V depolarized to rest (-80 m V) in B. 
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Figure 19. Suppression of the plateau level e-DPSP was concentration dependent. Cumulative 
concentrations of 5HT (~ 100 µM) were bath applied over a 12 minute period. (Left) e-DPSPs recorded 
prior to (C) and following recovery (R) from four successive 3 minute exposures to 5HT (3, 10, 30, 100 
µM) are illustrated. Thirty and 100 µM concentrations of 5HT were equally effective, hence only the 
former is shown. (Right) Top traces: The same traces shown in A are superimposed to illustrate the 
concentration dependent reduction in peak amplitude, total area and rising slope. Bottom traces: 
Traces are amplified to illustrate the effects of 5HT on the rising slope of e-DPSPs observed in control 











_J 4 mV 
10 ms 
76 
Figure 20. 5HT attenuated e-DPSPs and matched glutamate potentials in a concentration dependent 
manner. Cumulative concentrations of 5HT were bath applied over a 12 minute period. e-DPSPs (left) 
and glutamate depolarizations (right) recorded prior to (C), during four successive 3 minute exposures 
to 5HT (0.3, 1, 3, 30 µM) and following recovery (R) are illustrated. The 0.3 µM 5HT did not suppress 
the e-DPSP (not shown). e-DPSPs observed in control and 5HT (1, 3, 30 µM) are superimposed in A 
(bottom traces). Glutamate potentials observed in control and 5HT (3, 30 µM) solutions are 
superimposed on right (bottom traces). e-DPSP and glutamate potential traces are averages of 3 and 
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Figure 21. 5HT reduced the e-DPSP and glutamate potentials in a concentration dependent manner 
in the presence of APV. Once baseline e-DPSP amplitudes were obtained in the presence of APV (10 
µM), cumulative concentrations of 5HT were applied over a 12 minute period. e-DPSPs (left) and 
glutamate potentials (right) recorded in the presence of APV prior to (C), during and following recovery 
(R) from cumulative exposures to 5HT (~ 30 µM) are illustrated. Following exposure to 5HT, the same 
stimulus intensity elicited an IPSP in addition to the e-DPSP and the glutamate potential amplitude is 
larger than control. A similar facilitation was observed in about 10 % of the cells. 
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Figure 22. Concentration effect curves for the 5HT induced suppression of e-DPSPs and glutamate 
potentials. Decreases (mV) in e-DPSP amplitudes following exposure to cumulative concentrations of 
5HT (:S 100 µM) were averaged for each concentration tested to generate data for concentration-effect 
curves. Top graph: Concentration effect curve for e-DPSP suppression. The mean control e-DPSP 
amplitude was 10 ± 1 mV (N=ll; mean± sem). The Emax and EC50 were 5.22 and 2.67 respectively. 
Bottom graph: Concentration-effect curves for matched e-DPSPs (circles) and glutamate potentials 
(squares) recorded in 6 neurons. The mean control e-DPSP and glutamate potential were 9.97 and 12.5 
mV respectively. The Ernaxs for reduction in e-DPSP and glutamate potential amplitudes were 4.6 and 
1.9 m V respectively. EC50s for suppression of e-DPSP and glutamate potential amplitudes were 2.6 and 
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Figure 23. Spiperone antagonized the SHT induced suppression of the e-DPSP. SHT (30 µM) was bath 
applied (3 minutes) prior to (A) and following (B) a 45 minute exposure to 1 µM spiperone. SHT 
reduced the e-DPSP by 66% and 14% in the absence and presence of spiperone respectively. Control 
and SHT treated e-DPSPs are illustrated in the top two traces and superimposed in the bottom traces 
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Figure 24. Spiperone differentially shifts concentration effect curves for the SHT induced suppression 
of e-DPSPs and matched glutamate potentials. Top graphs: Concentration-effect curves for the 5HT 
induced decrease (mV) of e-DPSPs recorded in 3 neurons prior to and following a 45 minute exposure 
to spiperone. Spiperone ( 1 µM) induced a twofold shift in the EC50 from 4.6 to 10.3. The spiperone 
antagonism was surmounted by higher concentrations of SHT, hence the Emax in the presence or 
absence of spiperone was 4.1 µM. Bottom graphs: Concentration-effect curves for the 5HT induced 
decrease (mV) of matched glutamate potentials recorded in the same 3 neurons. Spiperone shifted the 
EC50 for the glutamate potential concentration effect curve tenfold from 4.3 to 49.5 µM. The Emax in 








Figure 25. Ketanserin did not antagonize 5HT induced attenuation of the 1-DPSP. A e-DPSP-1-DPSP 
sequence was evoked with high intensity stimulation of the callosum. (Top) A e-DPSP-1-DPSP sequence 
was evoked in the presence (SHT) or absence (control) of 5HT (10 µM). Upper traces: Superimposed 
control and 5HT treated e-DPSP-1-DPSP. 5HT abolished the 1-DPSP and suppressed the e-DPSP. 
Bottom trace: Recovery. (Bottom) Following recovery, ketanserin was bath applied prior to (~ 20 
minutes) and during a repeat exposure to 5HT (10 µM). Upper traces: Synaptic potentials recorded 
in the presence of ketanserin alone and ketanserin plus 5HT are superimposed. Note the increased 
suppression of the e-D PSP in the presence of ketanserin. Control and 5HT treated potentials are 
superimposed and the recovered e-DPSP-1-DPSP sequence is illustrated below (bottom trace). 
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Figure 26. Ketanserin did not antagonize e-DPSP suppression by 5HT. (A) The e-DPSP amplitude 
increased with depolarization from rest, as is typical for the isolated e-DPSP. (B) The membrane 
potential was depolarized (-65 mV) to maximize the e-DPSP amplitude. The e-DPSPs observed in 
control and 5HT (1 µM) solutions are superimposed to illustrate the small inhibition induced by 5HT 
alone (top traces). (B) Following a 20 minute exposure to ketanserin, 5HT (1 µM) was reapplied in 
the presence of ketanserin. Control and 5HT treated e-DPSPs in the presence of ketanserin are 
superimposed (bottom traces). Each trace is an average of three responses. The resting potential of 
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Figure 27. High concentrations of DPAT (10 µM) antagonized the 5HT induced e-DPSP suppression. 
In this regular spiking neuron, a ten minute exposure to DPAT (10 µM) reduced callosal EPSPs by less 
than 10 % (not shown). A e-DPSP-1-DPSP sequence was evoked in the example given. Following a 
ten minute exposure to DPAT (10 µM), 5HT did not greatly attenuate the e-DPSP-1-DPSP sequence. 
Similar effects of DPAT were observed in 4 cells. 
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Table II: Maximal 5HT Suppression of the e-DPSP and the e-DPSP/l-DPSP Sequence 
Amplitude Peak Latency e-DPSP Slope Area 
(mV) (msec) (V/S) (V•S) 
e-DPSP 
Control 10 (1) 10 (1) 2.5 (0.3) 296 (48) 
5HT 5 (1) 8 (1) 1.4 (0.2) 95 (18) 
(~ 10 µM) 
N=ll 
%Decrease 50% 20% 44% 68% 
e-DPSP 
+APV 10 µM 
Control 11 (1) 11 (1) 3.3 (0.3) 294 (44) 
5HT 5 (1) 7 (1) 2.6 (0.2) 86 (18) 
(~ 10 µM) 
N=4 
%Decrease 57% 36% 21% 71% 
e-DPSP/ 
1-DPSP 
Control 14 (1) 29 (2) 3.2 (0.3) 590 (72) 
5HT 6 (1) 16 (1) 2.6 (0.2) 195 (60) 
(~ 10 µM) 
N=7 
%Decrease 57% 45% 18% 67% 
85 
LITERATURE CITED 
Adams, P.R. and M. Galvan (1986) Voltage-dependent currents of vertebrate 
neurons and their role in membrane excitability. In: Advances in Neurology, 
Vol. 44 ed Delgado-Escueta, A.A Ward, D.M. Woodbury and R.J. Porter, 
Raven Press, New York. 
Alonso, A. and E. Garcia-Austt (1987) Neuronal sources of theta rhythm in the 
entorhinal cortex of the rat. I. Laminar distribution of theta field potentials. 
Exp. Brain Res. 67: 493-501. 
Andrade, R. and R.A. Nicoll (1987) Pharmacologically distinct actions of serotonin 
on single pyramidal neurons of the rat hippocampus. 1 Physiol. 394: 99-124. 
Andreasen, M., D.C. Lambert and M.S. Jensen (1989) Effects of new non-N-methyl-
o-aspartate antagonists on synaptic transmission in the in vitro hippocampus. 
1 Physiol. 414: 317-336. 
Artola, A. and W. Singer (1987) Long-term potentiation and NMDA receptors in rat 
visual cortex. Nature 330: 649-652. 
Arnsten, A.F.T. and P.S. Goldman-Rakic (1985) a 2-Adrenergic mechanisms in 
prefrontal cortex associated with cognitive decline in aged nonhuman 
primates. Science 230: 1273-1276. 
Arnsten, A.F.T. and P.S. Goldman-Rakic (1985) Catecholamines and cognitive 
decline in aged nonhuman primates. Ann.. N.Y. Acad. Sci. 444: 218-234. 
Ashby, C.R., E. Edwards, and K. Harkins (1989) Characterization of 
5-hydroxytryptamine3 receptors in the medial prefrontal cortex: a 
microiontophoretic study. Eur.lPharmac. 173: 193-196. 
Baskys, A., C.E. Niesen, M.F. Davies and P.L. Carlen (1989) Modulatory actions of 
serotonin on ionic conductances of hippocampal dentate granule cells. 
Neuroscience 29: 443-451. 
Baughman, R.W. and C.D. Gilbert (1981) Aspartate and glutamate as possible 
neurotransmitters in the visual cortex. J. Neurosci. 4: 427-439. 
Beart, P.M., R.J. Summers, J.A. Stephenson, C.J. Cook and M.J. Christie (1990) 
Excitatory amino acid projections to the periaqueductal gray in the rat: A 
retrograde transport study utilizing o-[3H] aspartate and [3H] GABA. 
Neuroscience 34: 163-176. 
86 
Beck, S.G. (1989) 5-Carboxyamidotryptamine nnm1cs only the 5-HT elicited 
hyperpolarization of hippocampal pyramidal cells via 5-HT 1A receptor. 
Neurosci. Lett. 99: 101-106. 
Beck, S.G., P.C. William and J. Goldfarb ( 1985) Spiperone differentiates multiple 5-
hydroxytryptamine responses in rat hippocampal slices in vitro. Eur. 1 
Pharmacol. 116: 195-197. 
Beckstead, R.M. (1976) Convergent thalamic and mesencephalic projections to the 
anterior medial cortex in the rat. /. Comp. Neural. 166: 403-416. 
Berger, B., AM. Thierry, J.P. Tassin and M.A. Moyne (1976) Dopaminergic 
innervation of the rat prefrontal cortex: a fluorescence histochemical study. 
Brain Res. 106: 133-145. 
Berger, B., P. Gaspar and C. Verney (1991) Dopaminergic innervation of the 
cerebral cortex: unexpected differences between rodents and primates. Trends 
Neurosci. 14: 21-27. 
Blake, J.F., M.W. Brown and G.L. Collingridge (1988) CNQX blocks acidic amino 
acid induced depolarizations and synaptic components mediated by non-
NMDA receptors in rat hippocampal slices. Neurosci. Lett. 89: 182-186. 
Bobker, D.R. and J.T. Williams (1989) Serotonin agonists inhibit synaptic potentials 
in the rat locus ceruleus in vitro via 5-hydroxytryptaminelA and 5-
hydroxytryptamine18 receptors. /. Phannacology 250: 37-43. 
Bradley, P.B., G. Engel, W. Feniuk, J.R. Fazard, P.P.A. Humphrey, D.N. Middlemiss, 
E.J. Mylecharane, and e.t. al (1986) Proposals for the classification and 
nomenclature of functional receptors for 5-hydroxytryptamine. 
Neuropharmacology 25: 563-576. 
Bradshaw, C.M., M.J. Stoker and E. Szabadi (1983) Comparison of neuronal 
responses to 5-hydroxytryptamine, noradrenaline, and phenylephrine in the 
cerebral cortex. Neurophannacology 22: 677-683. 
Brozoski, T.J., R.M. Brown, H.B. Rosvold and P.S. Goldman (1979) Cognitive deficit 
caused by regional depletion of dopamine in prefrontal cortex of monkey. 
Science 205: 929-932. 
Bruce, C.J. and M.E. Goldberg (1984) Physiology of the frontal eye fields. Trends 
Neurosci. 7: 436-441. 
87 
Bruce, CJ. and M.E. Goldberg (1985) Primate frontal eye fields. I. Single neurons 
discharging before saccades. J. Neurophys. 53: 603-635. 
Catsman-Berrevoets, C.E. and H. G. J.M. Kuypers (1981) A search for corticospinal 
collaterals to thalamus and mesencephalon by means of multiple retrograde 
fluorescent tracers in cat and rat. Brain Res. 218: 15-33. 
Catsman-Berrevoets, C.E., R.N. Lemon, C.A. Verburgh, M. Bentivoglio, and 
H.G.J.M. Kuypers (1980) Absence of callosal collaterals derived from rat 
corticospinal neurons. Exp. Brain Res. 39: 433-440. 
Chagnac-Amitai, Y., and B.W. Connors (1989) Synchronized excitation and 
inhibition driven by intrinsically bursting neurons in the neocortex. J. 
Neurophysiol. 62: 1149-1162. 
Chagnac-Amitai, Y., H.J. Luhmann and D. Prince (1990) Burst generating and 
regular spiking layer 5 pyramidal neurons of rat neocortex have different 
morphological features. J. Comp. Neural. 296: 598-613. 
Colino, A., and J.V. Halliwell (1986) 8-0H-DPAT is a strong antagonist 
of 5-HT action in rat hippocampus. Eur. J. Pharmacol. 130: 151-152. 
Collingridge, G.L. and A.J. Lester (1989) Excitatory amino acid 
receptors in the vertebrate central nervous system. Pharmacolog. Rev. 40: 
143-210. 
Connors, B.W., M.J. Gutnick, and D.A. Prince (1982) Electrophysiological properties 
of neocortical neurons in vitro. J. Neurophysiol. 48: 1302-1320. 
Connors, B.W., R.C. Malenka and L.R. Silva (1988) Two inhibitory postsynaptic 
potentials, and GABAA and GABA8 receptor-mediated responses in 
neocortex of rat and cat. J. Neurophys. 406: 443-468. 
Conti, F., J. DeFelipe, I. Farinas, and T. Manzoni (1989) Glutamate-
positive neurons and axon terminals in cat sensory cortex: a correlative light 
and electron microscopic study. J. Comp. Neurol. 290: 141-153. 
Cotman, C.W., D.T. Monaghan, O.P. Ottersen, and J. Storm-Mathisen (1987) 
Anatomical organization of excitatory amino acid receptors and their 
pathways. Trends. Neurosci. 10: 273-280. 
Crowne, D.P. and M.N. Pathria (1982) Some attentional effects of unilateral frontal 
lesions in the rat. Behav. Brain Res. 6: 25-39. 
88 
Davies, M.F., R.A. Deisz, D.A. Prince, and S.J. Peroutka (1987) Two distinct effects 
of 5-hydroxytryptamine on single cortical neurons. Brain Res. 423: 347-352. 
DeCurtis, M., R. Spreafico and G. Avanzini (1989) Excitatory amino acids mediate 
responses elicited in vitro by stimulation of cortical afferents to reticularis 
thalami neurons of the rat. Neuroscience 2: 275-283. 
DeFelipe, J. and E.G. Jones (1988) Cajal on the Cerebral Cortex. Oxford University 
Press, New York. 
DeVivo, M. and S. Maayani (1986) Characterization of the 5-hydroxytryptaminIA 
receptor-mediated inhibition of forskolin-stimulated adenylate cyclase activity 
in guinea pig and rat hippocampal membranes. 1 PharmacoL Exp. Therap. 
238: 248-253. 
Diamond, I. T. The subdivisions of neocortex: A proposal to revise the 
traditional view of sensory, motor, and association areas. In. Progress in 
Psychobiology and Physiologic Psychology vol 8 (1979) J.M. Sprague and A.N 
Epstein (eds) Academic Press Inc. 
Dingledine, R. (1983) N-Methyl aspartate activates voltage-dependent calcium 
conductances in rat hippocampal pyramidal cells.1 Physiol. 343: 385-405. 
Dun, N.J., and A.G. Karczmar (1981) Evidence for a presynaptic inhibitory action of 
5-hydroxytryptamine in a mammalian sympathetic ganglion.1 Pharmacol. Exp. 
Ther. 217: 714-718. 
Dun, N.J., and N. Mo (1989) Inhibitory postsynaptic potentials in neonatal 
rat sympathetic preganglionic neurones in vitro. 1 Physiol. 419: 267-281. 
Eaton, S.A. and T.E. Salt (1989) Modulatory effects of serotonin on excitatory 
amino acid responses and sensory synaptic transmission in the ventrobasal 
thalamus. Neuroscience 33: 285-292. 
Emson, P.C., and 0. Lindvall (1979) Distribution of putative 
neurotransmitters in the neocortex. Neuroscience 4: 1-30. 
Fallon, J.H. and S.E. Loughlin (1982) Monoamine innervation of the forebrain: 
collateralization. Brain Res. Bull. 9: 295-307. 
Farinas, I. and J. DeFelipe (1991) Patterns of synaptic input on corticocortical and 
corticothalamic cells in the cat visual cortex. I. The cell body.1 Comp. Neurol. 
304: 53-69. 
89 
Feniuk, W., P.P.A. Humphrey, and AD. Watts (1979) Presynaptic inhibitory action 
of 5-hydroxytryptamine in dog isolated saphenous vein. Br. l Pharmac. 67: 
247-254. 
Ferino, F., A.M. Thierry, M. Saffroy, and J. Glowinski (1987) 
Interhemispheric and subcortical collaterals of medial prefrontal cortical 
neurons in the rat. Brain Res. 417: 257-266. 
Ferster, D. and S. Linstrom (1985) Augmenting responses evoked in area 17 of the 
cat by intracortical axon collaterals of cortico-geniculate cells. l Physiol. 367: 
217-232. 
Ferster, D., and S. Lindstrom (1985b) Synaptic ex.citation of neurones in area 17 of 
the cat by intracortical axon collaterals of cortico-geniculate cells. l PhysioL 
367: 233-252. 
Foehring, R.C., P.C. Schwindt and W.E. Crill (1989) Norepinephrine selectively 
reduces slow Ca2+ -and Na+ -mediated K + Currents in cat neocortical neurons. 
l Neurophysiol. 61: 245-256. 
Fonnum, F., J., Storm-Mathisen and I. Divac (1981) Biochemical evidence for 
glutamate as neurotransmitter in corticostriatal and corticothalamic fibers in 
rat brain. Neuroscience 6: 863-873. 
Forsythe, I.D., and G.L. Westbrook (1988) Slow excitatory postsynaptic 
currents mediated by N-methyl-D-aspartate receptors on cultured mouse 
central neurons. l Physiol. 396: 515-533. 
Fosse, V.M. and F. Fonnum (1987) Biochemical evidence for glutamate and/or 
aspartate as neurotransmitters in fibers from the visual cortex to the lateral 
posterior thalamic nucleus (pulvinar) in rats. Brain Res. 400: 219-224. 
Fuster, J.M. (1980) The Prefrontal Cortex. Raven Press, New York. 
Fuster, J.M. (1984) Behavioral electrophysiology of the prefrontal cortex. Trends 
Neurosci. 7: 408-414. 
Gerfen, C.R. (1989) The neostriatal mosaic: striatal patch-matrix organization is 
related to cortical lamination. Science 246: 385-388. 
Gilbert, C.D. (1983) Microcircuitry of the visual cortex. Ann. Rev. Neurosci. 6: 
217-247. 
90 
Goldman-Rakic, P.S. (1984) The frontal lobes: uncharted provinces of the brain. 
Trends Neurosci. 7: 425-429. 
Goldman-Rakic, P.S. (1988) Topography of cognition: Parallel distributed networks 
in primate association cortex. Ann. Rev. Neurosci. 11: 137-156. 
Grantyn, R. and Grantyn, A.A (1972) Postsynaptic responses of hippocampal 
neurons to mesencephalic stimulation: hyperpolarizing potentials, Brain Res. 
45: 87-100. 
Grantyn, A.A. and R. Grantyn (1973) Postsynaptic responses of hippocampal neurons 
to mesencephalic stimulation: depolarizing potentials and discharge patterns. 
Brain Res. 53: 55-69. 
Hablitz, J.J. and B. Sutor (1990) Excitatory postsynaptic potentials in rat neocortical 
neurons in vitro. III. Effects of a quinoxalinedione non-NMDA receptor 
antagonist. J. Neurophys. 64: 1282-1290. 
Hamon, M., J-M. Cossery, U. Spampinato and H. Gozlan (1986) Are there selective 
ligands for 5-HT IA and 5-HT18 receptor binding sites in brain? Trends 
Pharmacol. Sci. : 336-338. 
Hamlyn, L.H. (1962) The fine structure of the mossy fibre endings in the 
hippocampus of the rabbit. J. Anat. 96: 112-120. 
Harris, E.W. and C.W. Cotman (1986) Long-term potentiation of guinea pig mossy 
fiber responses is not blocked by N-methyl-o-aspartate antagonists. Neurosci. 
Lett. 70: 132-137. 
Harris, E.W., A.H. Ganong and C.W. Cotman (1984) Long-term potentiation in the 
hippocampus involves activation of N-methyl-o-aspartate receptors. Brain Res. 
273: 170-174. 
Hassler, R., P. Haug, C. Nitsch, J.S. Kim and K. Paik (1982) Effect of motor and 
premotor cortex ablation on concentrations of amino acids, monoamines, and 
acetylcholine and on the ultrastructure in rat striatum. A confirmation of 
glutamate as the specific corticostriatal transmitter. J. Neurochem. 38: 1087-
1098. 
Haug, F.M.S. (1967) Electron microscopical localization of the zinc in hippocampal 
mossy fiber synapses by a modified sulphide silver procedure. Histochemie 8: 
355-368. 
91 
Heilman, K.M., and R.T. Watson (1977) The neglect syndrome-a unilateral defect 
of the orienting response. In S.Harnad et al (eds): Lateralization in the 
Nervous System. New York: Academic Press, pp. 285-302. 
Herling, P.L. (1985) Pharmacology of the corticocaudate excitatory postsynaptic 
potential in the cat: Evidence for its mediation by quisqualate or kainate-
receptors. Neuroscience 14: 417-426. 
Heym, J., M.E. Trulson and B.L. Jacobs (1982) Raphe unit activity in freely moving 
cats: effects of phasic auditory and visual stimuli. Brain Res. 232: 29-39. 
Hirsch, J.C. and F. Crepel (1990) Use-dependent changes in synaptic efficacy in rat 
prefrontal neurons in vitro. J. Physiol. 427: 31-49. 
Holz, G.G., S.A. Shefner, and E.G. Anderson (1986) Serotonin decreases the 
duration of action potentials recorded from tetraethylammonium-treated 
bullfrog dorsal root ganglion cells. L Neuroscience 6: 620-626. 
Howe, J.R., B. Sutor and W. Zieglegansberger (1987) Baclofen reduces post-synaptic 
potentials of rat cortical neurons by an action other than its hyperpolarizing 
action. J. PhysioL 384: 539. 
Hubener, M., C. Schwarz and J. Bolz (1990) Morphological types of projection 
neurons in layer 5 of cat visual cortex. J. Comp. NeuroL 301: 655-674. 
Iriki, A., C. Pavlides, A. Keller and H. Asanuma (1989) Long-term potentiation 
in the motor cortex. Science 245: 1385-1387. 
Ivy, G.O. and H.P. Killackey (1982) Ontogenetic changes in the projections of 
neocortical neurons. J. Neurosci. 2: 735-743. 
Jahnsen, H. (1980) The action of 5-hydroxytryptamine on neuronal membranes and 
synaptic transmission in area CAl of the hippocampus in vitro. Brain Res. 197: 
83-94. 
Joel, M., P. Shinnick-Gallagher and J.P. Gallagher (1987) Effect of serotonin and 
serotonin analogues on passive membrane properties of lateral septal neurons 
in vitro. Brain Res. 411: 99-107. 
Jones, K.A. and R.W. Baughman (1988) NMDA-and-non-NMDA-receptor 
components of excitatory synaptic potentials recorded from cells in layer V of 
rat visual cortex. J. Neuronsci. 8: 3522-3534. 
92 
Kaneko, T and N. Mizuno (1988) Immunohistochemical study of glutaminase-
containing neurons in the cerebral cortex and thalamus of the rat. J. Comp. 
Neurol 257: 590-602. 
Karlson, G., M. Pozza, and H.R. Olpe (1988) Phaclofen: a GABA8 blocker reduces 
long-duration inhibition in the neocortex. Eur. J. Pharmacol. 148: 485-486. 
Kawaguchi, Y., C.J. Wilson, and P.C. Emson (1989) Intracellular recording of 
identified neostriatal patch and matrix spiny cells in a slice preparation 
preserving cortical inputs. J. Neurophysiol. 62: 1052-1068. 
Kelly, J.S., and N.J. Penington (1989) 5-Hydroxytryptamine inhibits the 
voltage-dependent calcium current of acutely dissociated central neurones 
from the adult rat dorsal raphe nucleus. J. Physiol. 418: 35p. 
Klee, M.R. and K. Offenloch (1964) Postsynaptic potentials and spike patterns during 
augmenting responses in cat's motor cortex. Science 100: 488-489. 
Kosar, E., R.S. Waters, N. Tsukahara and H. Asanuma (1985) Anatomical and 
physiological properties of the projection from the sensory cortex to the motor 
cortex in normal cats: the defference between corticocortical and 
thalamocortical projections. Brain Res. 345: 68-78. 
Kovacs, D.A., and J.G. Zoll (1974) Seizure inhibition by median raphe 
nucleus stimulation in rat. Brain Res. 70: 165-169. 
Krettek, J.E., and J.L. Price (1977) The cortical projections of the mediodorsal 
nucleas and adjacent thalamic nuclei in the rat.I. Comp. Neurol. 171: 157-192. 
Kupfermann, I. (1979) Modulatory actions of neurotransmitters. Ann. Rev. 
N eurosci. 2, 44 7-465. 
Lakoski, J.M. and G.K. Aghajanian (1985) Effects of ketanserin on neuronal 
responses to serotonin in the prefrontal cortex, lateral geniculate and dorsal 
raphe nucleus. Neurophannacology 24: 265-273. 
Lancaster, B. and P.R. Adams (1986) Calcium-dependent current generating the 
afterhyperpolarization of hippocampal neurons. J. Neurophysiol. 55: 1268-
1282. 
Lashley, K.S. (1920) Studies of cerebral function in learning. Psychobiology 2: 55-135. 
93 
Legendre, P, A. Guzman, B. Dupouy and J.D. Vincent (1989) Excitatory effect of 
serotonin on pacemaker neurons in spinal cord cell culture. Neuroscience 28: 
201-109. 
Leichnetz, G.R. and M.K. Carruth (1987) Frontal projections to the region of the 
oculomotor complex in the rat: A retrograde and anterograde HRP study. J. 
Comp. Neurol. 263: 387-399. 
Lerner-Natoli, M., G. Rondouin, A Malafosse, F. Sandillon, A. Privat and 
Baldy-Moulinier (1986) Facilitation of olfactory bulb kindling after specific 
destruction of serotonergic terminals in the olfactory bulb of the rat. Neurosci. 
Lett. 66: 299-304. 
Levitan, E.S. and J.B. Levitan (1988) A cyclic GMP analog decreases the currents 
underlying bursting activity in the aplysia neuron R15. J. Neurosci. 8: 1162-
1171. 
Lindvall, 0., A. Bjorklund, R.Y. Moore and U. Stenevi (1974) Mesencephalic 
dopamine neurons projecting to neocortex. Brain Res. 81: 325-331. 
Loughlin, S.E. and J.H. Fallon (1984) Substantia nigra and ventral tegmental area 
projections to cortex: topography and collateralization. Neurosci. 11: 425-435. 
Lorens, S.A. (1978) Some behavioral effects of serotonin depletion depend on 
method: a comparison of 5,7-dihydroxytryptamine, p-chlorophenylalanine, p-
chloroamphetamine, and electrolytic raphe lesions. Ann. N.Y. Acad. Sci. 305: 
532-555. 
Lorens, S.A. and H. C. Guldberg (1974) Regional 5-hydroxytryptamine following 
selective midbrain raphe lesions in the rat. Brain Res. 78: 45-56. 
Lorente de No, R. (1949): Cerebral cortex: Architecture, intracortical connections, 
motor projections. In: Physiology of the NeNoztS System, J.F. Fulton (ed) pp. 
288-315. Oxford Unversity Press, New York. 
Lynch, J.C. and J.W. McLaren (1989) Deficits of visual attention and saccadic eye 
movements after lesions of parietooccipital cortex in monkeys. J. Neurophys. 
61: 74-90 
Luhmann, H.J. and D.A. Prince (1990) Transient expression of polysynaptic NMDA 
receptor-mediated activity during neoco rti cal development. Neurosci. Lett. 111: 
109-115. 
94 
Ma, R.C. and N.J. Dun (1986) Excitation oflateral horn neurons of the neonatal rat 
spinal cord by 5-hydroxytryptamine. Dev. Brain Res. 24: 89-98. 
Madison, D.V. and R.A Nicoll (1986) Actions of noradrenaline recorded 
intracellularly in rat hiippocampal CA 1 pyramidal neurons, in vitro. J. Physiol. 
372: 221-244. 
Maura, G., A. Ricchetti and M. Raiteri (1986) Serotonin inhibits the depolarization-
evoked release of endogenous glutamate from rat cerebellar nerve endings. 
Neurosci. Lett. 67: 218-222. 
Mayer, M.L., and G.L. Westbrook (1987) The physiology of excitatory amino acids 
in the vertebrate central nervous system. Prag. Neurobiol. 28: 197-276. 
Markram, H. and M. Segal (1990) Long-lasting facilitation of excitatory postsynaptic 
potentials in the rat hippocampus by acetylcholine. J. Physiol. 427: 381-393. 
Marks, G.A., Speciale, S.G. Cobbey, K. and H.P. Roffwarg (1987) Serotonergic 
inhibition of the dorsal lateral geniculate nucleus. Brain Res. 418: 76-84. 
Maragos, W.F., J.B. Penney and A.B. Young (1988) Anatomic correlation of NMDA 
and 3H-TCP-labeled receptors in rat brain. J. Neurosci. 8: 493-501. 
McCormick, D.A., B.W. Connors, J.W. Lighthall, and D.A. Prince (1985) 
Comparative electrophysiology of pyramidal and sparsely spiny stellate 
neurons of the neocortex. J. Neurophysiol. 54: 782-806. 
McCormick, D.A., and D.A. Prince (1986) Mechanisms of action of 
acetylcholine in the guinea-pig cerebral cortex in vitro. J. PhysioL 
375: 169-194. 
McCormick, D.A. and A. Williamson ( 1989) Convergence and divergence of 
neurotransmitter action in human cerebral cortex. Natl. Acad. Sci. 86: 8098-
8102. 
Meinecke, D.L. and A. Peters (1987) GABA immunoreactive neurons in rat visual 
cortex. J. Comp. Neurol. 261: 388-404. 
Miles, R., and R.K.S. Wong (1987) Inhibitory control of local excitatory 
circuits in the guinea-pig hippocampus. J. Physiol. 388: 611-629. 
95 
Miles, R., R.KS. Wong and R.D. Traub (1984) Synchronized afterdischarges in the 
hippocampus: contribution of local synaptic circuits. Neuroscience 12: 1179-
1189. 
Minota, S., T. Miyazaki, M.Y. Wang, H.L. Read and N.J. Dun (1989) Glycine 
potentiates NMDA responses in rat hippocampal CA1 neurons. Neurosci. Lett. 
100: 237-242. 
Monaghan, D.T., and C.W. Cotman (1982) The distribution of [3H] kainic acid 
binding sites in rat CNS as determined by autoradiography. Brain Res. 252: 91-
100. 
Monaghan, D.T., and C.W. Cotman (1985) Distribution of N-methyl-o-aspartate-
sensitive L-[3H]glutamate binding sites in rat brain. l Neurosci. 5: 2909-2919. 
Monaghan, D.T., R.J. Bridges, and C.W. Cotman (1989) The excitatory 
amino acid receptors: Their classes, pharmacology, and distinct 
properties in the function of the central nervous system. Annu. Rev. 
Pharmacol. Toxicol. 29: 365-402. 
Monaghan, D.T., D. Yao, and C.W. Cotman (1984) Distribution of [3H]AMPA 
binding sites in rat brain a determined by quantitative autoradiography. Brain 
Res. 324: 160-164. 
Montoro, R.J., J. Lopez-Barneo and D. Jassik-Gershenfeld (1988) Differential burst 
firing modes in neurons of the mammalian visual cortex in vitro. Brain Res. 
460: 168-172. 
Morison, R.S., and E.W. Dempsey (1942) A study of thalamo-cortical relations. 
Amer. 1 Physiol. 135: 281-292. 
Morrison, J.H., S.L Foote, M.E. Molliver, F.E. Bloom and H.G.W. Lidov (1982) 
Noradrenergic and serotonergic fibers innervate complementary layers in 
monkey primary visual cortex: An immunohistochemical study. Proc. Natl. 
Acad Sci 79: 2401-2405. 
Muller, D. and G. Lynch (1990) Synaptic modulation of N-methyl-D-aspartate 
receptor mediated responses in hippocampus. Synapse 5: 94-103. 
Munkenbeck, KE., and W.S. Schwark (1982) Serotonergic mechanisms in 
amygdaloid-kindled seizures in the rat. Exp. Neural. 76: 246-253. 
96 
Murase, K., R. M. Randie, T. Shirasaki, T. Nakagawa and N. Akaike. (1990) 
Serotonin suppresses N-methyl-o-aspartate responses in acutely isolated spinal 
dorsal horn neurons of the rat. Brain Res. 525: 84-91. 
Neafsey, E.J., K.M. Hurley-Gius, and D. Arvanitis (1986) The topographical 
organization of neurons in the rat medial frontal, insular and olfactory cortex 
projecting to the solitary nucleus, olfactory bulb, periaqueductal gray and 
superior colliculus. Brain Res. 377: 261-270. 
Nedergaard, S., I. Engberg, and J.A Flatman (1986) Serotonin 
facilitates NMDA responses of cat neocortical neurones. Acta. PhysioL Scand. 
128: 323-325. 
Nelson, D.L. (1990) Biochemistry and pharmacology of the 5-HT1 serotonin binding 
sites. In: The Serotonin Receptors. E. Sanders-Buch (eds) Humana Press, Inc. 
Neuman, R.S., Y. Ben-Ari, M. Gho and E. Cherubini (1988) Blockade of excitatory 
synaptic transmission by 6-cyano-7-nitroquinozaline-2,3-dione (CNQX) in the 
hippocampus in vitro. Neurosci. Lett. 92: 64-68. 
Newberry, N.R. and R.A. Nicoll (1984) Direct hyperpolarizing action of baclofen on 
hippocampal pyramidal cells. Nature 308: 450-453. 
Nishimura, T., T. Tokimasa, and T. Akasu (1988) 5-Hydroxytryptamine inhibits 
cholinergic transmission through 5-HT 1A receptor subtypes in rabbit vesical 
parasympathetic ganglia. Brain Res. 442: 399-402. 
O'Hearn, E. and M.E. Molliver (1984) Organization of raphe-cortical projections in 
rat: a quantitative retrograde study. Brain Res. 13: 709-726. 
O'Leary, D.D.M., B.B. Stanfield and W.M. Cowan (1981) Evidence that the early 
postnatal restriction of the cells of origin of the callosal projection is due to 
the elimination of axonal collaterals rather than to the death of neurons. Dev. 
Brain Res. 1: 607-617. 
Otmakhov, N.A., and A.G. Bragin (1982) Effects of norepinephrine and serotonin 
upon spontaneous activity and respons.es to mossy fiber stimulation of CA3 
neurons in hippocampal slices. Brain Res. 253: 173-183. 
Ottersen, O.P., B.O. Fischer, and J. Storm-Mathisen (1983) Retrograde 
transport of D-[3H]aspartate in thalamo-cortical neurones. 
Neuroscience Lett. 42: 19-24. 
97 
Ottersen, O.P. and J. Storm-Mathisen (1984) Glutamate-and GABA-containing 
neurons in the mouse and rat brain, as demonstrated with a new 
immunocytochemical technique. J. Comp. Neurol. 229: 374-392. 
Pan, Z., W.F. Colmers and J.T. Williams (1989) 5-HT-mediated synaptic potentials 
in the dorsal raphe nucleus: interactions with excitatory amino acid and 
GABA neurotransmission. J. Neurosci : 481-486. 
Park, M.R., J.A. Gonzales-Vegas and S.T. Kitai (1982) Serotonergic excitation from 
dorsal raphe stimulation recorded intracellularly from rat caudate-putamen. 
Brain Res. 243: 49-58. 
Patel, S., B.S. Meldrum, and J.F. Collins (1986) Distribution of [3H] kainic acid and 
binding sites in the rat brain: In vivo and in vitro receptor autoradiography. 
Neurosci. Lett. 70: 301-307. 
Pazos, A., R. Cortes, and J.M. Palacios (1985) Quantitative autoradiographic 
mapping of serotonin receptors in the rat brain. II. Serotonin-2 receptors. 
Brain Res. 346: 231-249. 
Pazos, A., and J.M. Palacios (1985) Quantitative autoradiographic mapping of 
serotonin receptors in the rat brain. I. Serotonin-1 receptors. Brain Res. 346: 
205-230. 
Peinado, J.M. and F. Mora (1986) Glutamate acid as a putative transmitter of the 
interhemispheric corticocortical connections in the rat. J. Neurochem. 47: 
1598-1603. 
Penit-Soria, J., E. Audinat and F. Crepel (1987) Excitation of rat prefrontal cortical 
neurons by dopamine: and in vitro electrophysiological study. Brain Res. 425: 
263-274. 
Penington, N.J. and J.S. Kelly (1990) Serotonin receptor activation reduces calcium 
current in an acutely dissociated adult central neuron. Neuron 4: 751-758. 
Peroutka, S.J. (1986) Pharmacological differentiation and characterization of 5-HT lA' 
5-HTrn, and 5-HT1c binding sites in rat frontal cortex. J. Neurochem. 47: 
529-540. 
Perkins, AT. and T.J. Teyler (1988) A critical period for long-term potentiation in 
the developing rat visual cortex. Brain Res. 439: 222-229. 
98 
Prince, D.A. and B.W. Connors (1986) Mechanisms of Interictal epileptogenesis. In: 
Advances in Neurology. Vol. 44 AV. Delgado-Escueta et al., (eds), Raven 
Press, New York. 
Purpura, D.P., R.J. Shofer, and F.S. Musgrave (1964) Cortical 
intracellular potentials during augmenting and recruiting responses. J. 
Neurophys. 27: 133-151. 
Rakic, P., P.S. Goldman-Rakic and D. Galleger (1988) Quantitative autoradiography 
of major neurotransmitter receptors in the monkey striate and extrastriate 
cortex. J. Neurosci. 8: 3670-3690. 
Rasmussen, Kurt and G.K. Aghajanian ( 1990) Serotonin excitation of facial 
motoneurons: receptor subtype characterization. Synapse 5: 324-332. 
Rogawski, M.A. and G.H. Aghajanian ( 1980) Norepinephrine and serotonin: opposite 
effects on the activity of lateral geniculate neurons evoked by optic pathway 
stimulation. Exp/ Neurol. 69: 678-694. 
Read, H.L., M. Kiraly and N.J. Dun (1990) Serotonin differentially affects 
synaptic potentials evoked in the rat cerebral cortical slice. 
Eur. J. Pharmacol. 183: 1383. 
Reader, T.A. and L. Grondin (1987) Distribution of Catecholamines, serotonin, 
and their major metabolites in the rat cingulate, piriform-entorhinal, 
somatosensory, and visual cortex: A biochemical survey using high-
performance liquid chromatography. Neurochem. Res. 12: 1087-1097. 
Reynolds, J.N., A. Baskys, and P.L. Carlen (1988) The effects of 
serotonin on N-methyl-o-aspartate and synaptically evoked depolarizations in 
rat neocortical neurons. Brain Res. 456: 286-292. 
Sah, P., and R.A. Nicoll (1989) Mechanisms underlying LTP at an 
excitatory synapse in rat anterior cingulate cortex. Soc.Neurosci. Abstr. 15: 
167. 
Salt, T.E. (1986) N-methylaspartate receptors and synaptic excitation in 
the rat ventrobasal thalamus. Br. J. PhysioJ. 371: 44P. 
Saper, C.B. (1987) Diffuse cortical projection systems: anatomical 
organization and role in cortical function. In V.B. Mountcastle, F. Plum, and 
S.R. Geiger (eds): Handbook of Physiorogy· The Nervous System V. Baltimore: 
Waverly Press, Inc, pp. 169-210. 
99 
Sarter, M. and H.J. Markowitsch (1985) Convergence of intra-and interhemispheric 
cortical afferents: lack of collateralization and evidence for a subrhinal cell 
group projecting heterotopically. 1 Comp. Neurol. 236: 283-296. 
Sawaguchi, T, M. Matsumura and K. Kubota ( 1989) Depth distribution of neuronal 
activity related to a visual reaction time task in the monkey prefrontal cortex. 
l Neurophys. 61: 435-446. 
Scheibe!, M.E., and A.B. Scheibe! (1967) Structural organization of nonspecific 
thalamic nuclei and their projection toward cortex. Brain Res. 6: 60-94. 
Schlag, J. and J. Villablanca (1967) Cortical incremental responses to thalamic 
stimulation. Brain Res. 6: 119-142. 
Scholfield, C.N. (1978) A depolarizing inhibitory potential in neurones of the 
olfactory cortex in vitro.1 Physiol. 275: 547-557. 
Schwartzkroin, P.A. (1986) Hippocampal slices in experimental and human epilepsy. 
In A.V. Delgado-Escueta et al. (eds.): Advances in Neurology 44: 991-1010, 
Raven Press, New York. 
Schwindt, P.C., W.J. Spain and W.E. Crill ( 1989) Long-lasting reduction of excitability 
by a sodium-dependent potassium current in cat neocortical neurons. l 
Neurophys. 61: 233-244. 
Segal, M. (1981) Regional differences in neuronal responses to 5HT: intracellular 
studies in hippocampal slices.1 Physiol. (Paris) 77: 373-375. 
Segal, M. (1990) Serotonin attenuates a slow inhibitory postsynaptic potential in rat 
hippocampal neurons. Neuroscience 36: 631-641. 
Sesack, S.R., A.Y. Deutch, R.H. Roth, and B.S. Bunney (1989) Topographical 
organization of the efferent projections of the medial prefrontal cortex in the 
rat: an anterograde tract-tracing method. L Comp. Neural. 290: 213-242. 
Shenker, A., S. Maayani, H. Weinstein and J. P. Green (1987) Pharmacological 
characterization of two 5-hydroxytryptamine receptors coupled to adenylate 
cyclase in guinea pig hippocampal membranes. Malec. Pharmacol. 31: 357-
367. 
Sheldon, P.W. and G.K. Aghajanian (1990) Serotonin excites interneurons via 5HT2 
receptors and pyramidal cells via 5HT1c receptors in rat piriform cortex. Soc. 
Neurosci. Abst. 20: 427.15 
100 
Sikes, R.W., B.A. Vogt and H.A. Swadlow (1988) Neuronal responses in rabbit 
cingulate cortex linked to quick-phase eye movements during nystagmus.1 
Neurophys. 59: 922-936. 
Sills, M.A., B.B. Wolfe and A. Frazer (1984) Determination of selective and 
nonselective compounds for 5-HTlA and 5-HT18 receptor subtypes in rat 
frontal cortex.1 Pharmacol Exp. Ther. 231: 480-487. 
Silva, L.R., Y. Amitai and B.W. Connors (1991) Intrinsic oscillation generated by 
layer 5 pyramidal neurons. Science 251: 432-435. 
Simon, R.P., M.D. Gershon, and D.C. Brooks (1973) The role of the raphe nuclei in 
the regulation of ponto-geniculo-occipital wave activity. Brain Res. 58: 313-330. 
Shima, K., H. Nakahama, and M. Yamamoto ( 1986) Firing properties of two types 
of nucleus raphe dorsalis neurons during the sleep-waking cycle and their 
responses to sensory stimuli. Brain Res. 399: 317-326. 
Slater, N.T., and L.J. Larson-Prior (1982) Dopamine blocks spike accommodation 
and afterhyperpolarization in neocortical pyramidal neurons in vitro. Soc. 
Neurosci. Abst. 13: 157. 
Sobel, E. and D. Corbett (1984) Axonal branching of ventral tegmental and raphe 
projections to the frontal cortex in the rat. Neurosci. let. 48: 121-125. 
Spain, W.J., P.C. Schwindt and W.E. Crill (1990) Modulatory effects of serotonin on 
cat neocortical neurons. Soc. Neuro.sci. Abst. 20: 155.2. 
Steinbusch, H.W.M. (1984) Serotonin-immunoreactive neurons and their 
projections in the CNS. In A. Bjorklund, T. Hokfelt, and M.J. Kuhar {eds): 
Handbook of Chemical Neuroanatomy. NY: Elsevier Sci., pp. 68-125. 
Storm, J.F. (1989) An after-hyperpolarizationof medium duration in rat hippocampal 
pyramidal cells. l Physiol. 409: 171-190. 
Sutor, B., and J.J. Hablitz (1989a) EPSPs in rat neocortical neurons in Vitro I. 
Electrophysiological evidence for two distinct EPSPs. l Neurophysiol. 61: 
607-620. 
Sutor, B., and J.J. Hablitz (1989b) EPSPs in rat neocortical neurons in vitro II. 
Involvement of N-methyl-o-aspartate receptors in the generation of EPSPs. J. 
Neurophysiol. 61: 621-634. 
Takahashi, K., K. Kuboto, and M. Uno (1966) Recurrent facilitation in 
cat pyramidal tract cells. J Neurophysiol. :22-34. 
101 
Tebecis, A.K (1970) Effects of monoamines and amino acids on medial geniculate 
neurons of the cat. Neuropharmacology 9: 381-390. 
Thierry, A.M., G. Chevalier, A. Ferron, and J. Glowinski (1983) Diencephalic and 
mesencephalic efferents of the medial prefrontal cortex in the rat: 
electrophysiological evidence for the existence of branched axons. Exp. Brain 
Res. 50: 275-282. 
Thomson, A.M. (1986a) A magnesium-sensitive post-synaptic potential in rat cerebral 
cortex resembles neuronal responses to N-methylaspartate. J. Physiol. 370: 
531-549. 
Thomson, A.M. (1986b) Comparison of responses to transmitter candidates at an 
N-methylaspartate receptor mediated synapse, in slices of rat cerebral cortex. 
Neuroscience 17: 37-47. 
Thomson, A.M., Walker and Flynn ( 1989) Glycine enhances NMDA-receptor 
mediated synaptic potentials in neocortical slices. Nature 338: 422-424. 
Trulson, M.E., and B.L. Jacobs (1979) Raphe unit activity in freely moving cats: 
correlation with level of behavioral arousal. Brain Res. 163: 135-150. 
Tseng, G., and L.B. Haberly (1989a) Deep neurons in piriform cortex. I. 
Morphology and synaptically evoked responses including a unique 
high-amplitude paired shock facilitation. L Neurophysiol. 62: 369-385. 
Tseng, G., and L.B. Haberly (1989b) Deep neurons in piriform cortex. II. 
Membrane properties that underlie synaptic responses.! Neurophysiol. 
62: 386-400. 
Valverde, F (1986) Intrinsic neocortical organization: some comparitive aspects. 
Neuroscience 18: 1-23. 
Vanderwolf, C.H. (1988) Cerebral activity and behavior: control by 
central cholinergic and serotonergic systems. In J.R. Smythies and R.J. 
Bradley (eds): International Review of Neurobiology. New York: Academic 
Press, INC., pp. 225-341. 
Vanderwolf, C.H. (1989) A general role for serotonin in the control of 
behavior: studies with intracerebral 5,7-dihydroxytryptamine. Brain 
Res. 504: 192-198. 
Vogt, B.A., and AL.F. Gorman (1982) Responses of cortical neurons to 
stimulation of corpus callosum in vitro. J. Neurophys. 48: 1257-1273. 
Vogt, B.A, D.L. Rosene, and A. Peters (1981) Synaptic termination of 
102 
thalamic and callosal afferents in cinguJate cortex of the rat.1 Comp. Neurol. 
201: 265-283. 
Wang, M.Y. and N.J. Dun (1990) 5-Hydroxytryptamine responses in neonate rat 
motoneurons in vitro. l Physiol. 430: 87-103. 
Waterhouse, B.D., Moises, H.C. and DJ. Woodward ( 1986) Interactions of serotonin 
with cerebrocortical neuronal responses of afferent synaptic inputs and 
putative neurotransmitters, Brain Res. Bull. 17: 507-518. 
Waterhouse, B.D., S.A Azizi, R.A. Burne and DJ. Woodward (1990) Modulation of 
rat cortical area 17 neuronal responses of moving visual stimuli during 
norepinephrine and serotonin microiontophoresis. Brain Res. 514: 276-292. 
Watts, A.D., W. Feniuk and P.P.A. Humphrey (1981) A pre-junctional action of 5-
hydroxytryptamine and methylsergide on noradrenergic nerves in dog isolated 
sapheneous vein.1 Phann. Pharmocol. 33: 515-520. 
Westbrook, G.G. and E.W. Lothman (1983) Cellular and synaptic basis of kainic 
acid-induced hippocampal epileptiform activity. Brain Res. 273: 97-109. 
Wise, S.P. and E.G. Jones (1977) Cells of origin and terminal distribution of 
descending projections of the rat somatic sensory cortex. l Comp. Neural. 
175: 129-158. 
Wu, S.Y., M.Y. Wang and N.J. Dun (1991) Serotonin via presynaptic 5-HT1 receptors 
attenuates synaptic transmission to immature rat motoneurons in vitro. Brain 
Res. 
Yoshida, M., Sasa, M. and S. Takaori (1984) Serotonin-mediated inhibition from 
dorsal raphe nucleus of neurones in dorsal lateral geniculate and thalamic 
reticular neuclei. Brain Res. 290: 95-105 
Zilles, K., A. Wree and N. Dausch (1990) Anatomy of the neocortex: neurochemical 
organization. In: The Cerebral Cortex of the Rat. B. Kolb and R.C Tees (eds), 
Massachusetts Institute of Technology Press, Cambridge. 
The dissertation submitted by Heather L. Read has been read and approved by the 
following committee: 
Dr. Nae J. Dun, Director 
Professor, Pharmacology 
Loyola University of Chicago 
Dr. Sheryl G. Beck 
Assistant Professor, Pharmacology 
Loyola University of Chicago 
Dr. Stanley A. Lorens 
Professor, Pharmacology 
Loyola University of Chicago 
Dr. Edward J. N eafsey 
Associate Professor, Anatomy 
Loyola University of Chicago 
Dr. Robert K. Wong 
Professor, Pharmacology 
State University of New Y ork-HSC 
The final copies have been examined by the dfrector of the dissertation and the 
signature which appears below verifies the fact that any necessary changes have been 
incorporated and that the dissertation is now given final approval by the Committee 
with reference to content and form. 
The dissertation is, therefore, accepted in partial fulfi11ment of the requirements for 
the degree of Doctor of Philosophy in Pharmacology. 
~~~ 
Date Dr. Sheryl Beck 
(signing for Dr. Nae Dun) 
